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ABSTRACT
A u n iv e r s a l  chem ical assay  (Schwyn and N e ila n d s ,  1987) was used
to d e t e c t  the pro d u ctio n  o f  s id e ro p h o re  in  a range o f
r h i z o b a c t e r i a l  s t r a i n s .  Siderophore p ro d u c tio n  was found to  be 
s t r a i n  s p e c i f i c  In Rhizobium. The p ro d u c tio n  o f  s id ero p h o re  by 
Rhizobium meliloti 220-5 was examined in  d e t a i l .  Using the
u n i v e r s a l  assay  to  t e s t  samples taken d urin g  growth o f  the
bacterium  in  an iro n  d e f i c i e n t  medium, i t  was e s t a b l i s h e d  th a t  
p ro d u c tio n  o f  the sid ero p h o re  commenced a t  the  onset o f  
e x p o n e n tia l  growth.
The c e l l  f r e e  supernatant o f  R.meliloti 220-5 grown under ir o n  
d e f i c i e n t  co n d itio n s  and shown to  c o n ta in  a s id e ro p h o re , was
t e s t e d  f o r  the presence  o f  c a te c h o l  o r  hydroxamate groups. 
N e ith e r  group was d e te c te d .
Using a phenol/chloroform  e x t r a c t i o n  pro cedure  the s id erop hore  
was i s o l a t e d  from low ir o n  su p ern ata n ts  and p u r i f i e d  by
ion-exchange chromatography. IR s p e c tr a  confirm ed th a t  the 
s id ero p h o re  was n e i t h e r  c a te c h o l  nor hydroxamate in  n a tu re .  
This in d ic a t e s  th a t  i t  b e lo n gs  to  a t h i r d  c l a s s  o f  s id ero p h o res 
t y p i f i e d  by r h iz o b a c t in  from R.meliloti DM4 (Smith and
N e ila n d s, 1984).
Mutants o f  R.meliloti 220-5 and R.meliloti 2011 d e f e c t i v e  in  
the pro d u ctio n  o f  s id ero p h o re  were i s o l a t e d  fo l lo w in g
transp oson  m utagenesis w ith  Tn5-mob. The genomic sequence 
c o n ta in in g  the transposon from R.meliloti 220-5-1 was c lo n e d  
in to  pUC19 and used to  sc re e n  a cosmid bank o f  R.meliloti 2011. 
Two cosmids h y b r id is in g  were i n v e s t i g a t e d .  One cosmid, cosmid 
3, complemented the m utation in  R.meliloti 2 20 -5 -1. When the 
o th e r  mutants were t e s t e d  f o r  complementation by cosmid 3, the 
complementation p a t te r n  in d ic a t e d  th a t  cosmid 3 harbours more 
than one gene in v o lv e d  in  the  sid ero p h o re  b i o s y n t h e s i s .  The
number o f  siderophore genes c a r r i e d  on t h i s  cosmid remains to  
be determined.
SDS-polyacrylam ide g e l  e le c t r o p h o r e s is  o f  o u te r  membrane 
p r o te in s  prepared from ir o n  d e f i c i e n t  c u l t u r e s  i d e n t i f i e d  the 
p re se n c e ,  in  R.meliloti 220-5, o f  two low ir o n  induced p r o te in s
o f  72,000 and 78,000 d a l t o n s . These induced p r o te in s  were cu t 
from p r e p a r a t iv e  SDS-PAGE g e ls  and used as a n tige n s  to  r a is e  
p o ly c lo n a l  a n t ib o d ie s .  Serum c o l l e c t e d  from the i n j e c t e d  r a t  
was t e s t e d  f o r  the antibod y by Western b l o t  a n a ly s is .
Chapter one 
I n t r o d u c t io n .
1
1.1 General Introduction.
Most microorganisms have an a b s o lu te  n u t r i t i o n a l  requirem ent 
f o r  i r o n .  I t  i s  the fo u r th  most abundant m etal in  n a tu re  but 
t h i s  abundance i s  e s s e n t i a l l y  n e g a te d  by i t s  i n s o l u b i l i t y  in  an 
a e r o b ic  environment. In aqueous medium a t  n e u t r a l  pH, ir o n  
e x i s t s  as an in s o lu b le  polym er, (FeOH ) ,  h a v in g  a s o l u b i l i t y
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co n sta n t  o f  10 (Biederman and S c h in d le r ,  19 5 7).  At pH 7 .4 ,
g e n e r a l l y  taken  as r e p r e s e n t in g  b i o l o g i c a l  pH, the  s o l u b i l i t y
“18o f  f r e e  ir o n  i s  10 , a v a lu e  too  low to  support m ic r o b ia l  
g ro w th .
To combat the low s o l u b i l i t y  o f  e x t e r n a l  ir o n ,  th o se  b a c t e r i a l  
and fu n g a l s p e c ie s  l i v i n g  a l l  o r  p a r t  o f  t h e i r  time in  an 
a e ro b ic  environment have e v o lv e d  low m o lecu la r  w e ig h t c a r r i e r s  
g e n e r i c a l l y  termed s id e ro p h o re s  f o r  the  a c q u i s i t i o n  o f  ir o n  
from the s o i l ,  marine or f r e s h  w a te r  environments and from 
animal h o s t  t i s s u e s  ( N e i la n d s ,1972; Lankford, 1 9 7 3 ) .These 
compounds are  marked by an extreme a f f i n i t y  and th e r e fo r e  
s p e c i f i c i t y ,  f o r  the t r i v a l e n t  o x id a t io n  s t a t e  o f  i r o n .  T h e ir  
e f f i c i e n t  a b so rb tio n  a t  low c o n c e n tra t io n  i s  a c h ie v e d  by 
r e c e p to r s  in  the c e l l  en ve lo p e .
The s id erop hore  system o f  r e c e p t o r  dependent, h ig h  a f f i n i t y  
ir o n  a s s im i la t i o n  i s  w id e ly  d i s t r i b u t e d  in  the  m ic r o b ia l  w orld 
and i s  found in  gram -negative  and g ra m -p o s it iv e  b a c t e r i a l  
s p e c i e s ,  in c lu d in g  animal and p la n t  pathogens, in  fu n g i  and in  
c y a n o b a c te r ia .  A few s p e c i e s ,  a p a r t  from the anaerobes, appear 
not to  form a sid erop hore  system . Among b a c t e r i a  t h i s  in c lu d e s  
c e r t a i n  l a c t o b a c i l l i , Legionella and Neisseria and among the 
fu n g i ,  Saccharomyces cerevisiae (Reeves 1983).
In  a p a r t i c u l a r  b a c t e r i a l  s t r a i n  or s p e c i e s ,  e l im in a t io n ,  by 
g e n e t i c  means, o f  the s id e ro p h o re-m e d ia te d  h ig h  a f f i n i t y  uptake 
system  o n ly  becomes growth l i m i t i n g  under c o n d it io n s  where iro n  
i s  s e v e r e ly  r e s t r i c t e d .  L ack in g  c h e la t e s  and r e c e p to r s  f o r  
g e n e t ic  m anipulation , th e re  i s  n o th in g  known a t  t h i s  time about 
how the low a f f i n i t y  i r o n  pathway f u n c t i o n s . I t  can be 
su g g e ste d  th a t  a c e l l  co u ld  form re d u c in g  agents s in c e  a s c o r b ic  
a c id  w i l l  s u b s t i t u t e  f o r  e n te r o b a c t io n  ( a sid ero p h o re  produced 
by E.coli ) in  e n te r o b a c t in  mutants ( P o l la c k  e t  a l . , 1 9 7 0  a ) .
E f f i c i e n t ,  non-siderophore systems may e x i s t  whereby ir o n  i s
taken  in  by a p ro cess  p a r a l l e l  to  the e n d o c y to s is  ro u te  o f  the , 
e u c a r y o t ic  world. Thus in  m icroorganisms the uptake pathways
f o r  environmental i r o n  appear to  e x h i b i t  c o n s id e r a b le
v a r i a t i o n .
1 .2  Siderophores and t h e i r  m o lecu lar  s t r u c t u r e s .
W ithin the siderophore system o f  ir o n  u p ta ke , the  l ig a n d s  
produced by iro n  s t r e s s e d  microorganisms a ls o  e x h i b i t
c o n s id e ra b le  v a r i a t i o n ,  u n l ik e  enzymes and o th e r  macromolecules 
which remain almost c o n sta n t  throughout a range o f
m icroorganism s. D espite  t h i s  v a r i a t i o n  s id e ro p h o re s  can be 
d iv id e d  in to  two main s t r u c t u r a l  groups; the hydroxam ates, 
which are produced by both fu n g i  and b a c t e r i a ,  and the
p h e n o la t e s / c a t e c h o la t e s , which a re  u s u a l ly  found in  b a c t e r i a .
1 . 2 . 1  The Hydroxamates.
Most hydroxamate sid e ro p h o res  c o n ta in  th re e  secondary
hydroxamate groups. Each hydroxamate group p ro v id e s  two oxygens
which form a b id e n ta te  l ig a n d  w ith  ir o n ,  r e s u l t i n g  in  a
3+hexadentate octahedral complex with Fe for each siderophore.
F e rric h ro m e s, one example o f  hydroxamate s id e ro p h o re s ,  are
c y c l i c  hexapeptid es c o n ta in in g  a t r i p e p t i d e  o f  g l y c i n e ,  a la n in e
8 8or s e r in e  and a t r i p e p t i d e  o f  N -a cy l-N  - h y d r o x y o r n ith in e . The 
c o re  s t r u c tu r e  i s  shown in  F ig .  1 . 1 .
The ch o ice  o f  th ree  n e u t r a l  amino a c id s  (R ,R ,R ) in  the
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cyc lo h ex a p e p tid e  s t r u c t u r e  and the f a c t  t h a t  the  a c y l  
s u b s t i t u e n t , (R) , on the 8 - n i t r o g e n  o f  hydroxylam ino o r n ith in e  
may be any one o f  a number o f  sm all c a r b o x y l i c  a c i d s ,  l i k e l y
3
number o f  v a r i a n t s  o f  the s tr u c tu r e  shown.
Ferrichrome, ( f i g l . 2 a ) ,  produced by the smut fungus Ustilago 
sphaerogena, i s o l a t e d  by Neilands in  1952, was th e  f i r s t  
tr ihydroxam ate i d e n t i f i e d  in  nature and i s  the p r o t y p i c a l  type 
hydroxamate s id e ro p h o re .  I t  i s  one o f  a few s i d e r o p h o r e s , the 
x - r a y  s t r u c t u r e  o f  which has been determined (van d er Helm e t  
al. , 1980). Malonichrome (Emery, 1980), c a r r y i n g  th ree
m olecules o f  m alonic a c id  as the a c y l  s u b s t i t u e n t  and produced 
by prolonged c u l t u r e  o f  Fusarium roseum i s  an example o f  a 
ferrichrom e type s id e ro p h o re .  Albomycin, ( f i g l . 2 b ) ,  a ls o  a 
c lo s e  d e r i v a t i v e  o f  fe rr ich ro m e , i s  produced by Streptomyces 
and has a n t i b i o t i c  a c t i v i t y .
The fe rr io x a m in e s  are a group o f  s id e ro p h o re s  g e n e r a l l y  
produced by the Actinomycetes. These compounds a re  l i n e a r  or 
c y c l i c  tr ihyd roxam ates b u i l t  from s t r u c t u r a l  u n i t s  o f  
1-am ino-w-hydroxylam inoalkane and s u c c in ic  or a c e t i c  a c id  
(B ic k e l  e t  a l 19 6 0 ) .The methane su lphon ate  s a l t  o f  
d e fe r r i fe r r io x a m in e  B ( i . e .  the d e fe r r a te d  form, f i g l . 2 c ) ,  i s  
com m ercially a v a i l a b l e  from Ciba-Geigy as D e s fe r a l  and i s  the 
drug most commonly used in  the treatm ent o f  i r o n  o ve r lo a d .T h e  
ferrioxam ines a ls o  in c lu d e  the a n t i b i o t i c  f e r r im y c in .  
F u sa rin in es , the fu n g a l  s id e ro p h o res , have the b a s i c  s t r u c t u r e  
shown.
They co n ta in  t h i s  n a t u r a l l y  o ccurin g  monohydroxamic a c id  jo in e d  
by e s t e r  groups r a th e r  than peptid e  bonds. The f u n c t io n a l  
siderophore i s  b e l i e v e d  to  be the c y c l i c  tr im er o f  the u n it  
shown, fu s a r in in e  C or fu s ig e n .  ( F ig l .2 d ) .
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F u sa r in in e s  are  produced by Fusarium and Pénicillium sp p . .  , 
Aspergillus nidulans and Pénicillium chrysogenum e x c re te
t '»
f u s a r in in e  C as an e x t r a c e l l u l a r  s ld e ro p h o re .  F e r r i c  N,N ,N - 
t r i a c e t y l  fu s a r in in e  C ( t r i a c e t y l  fu s ig e n )  r e p o r te d  from a 
number o f  fu n g i ,  i s  more s t a b le  than the n o n - a c y la te d  parent 
compound and l a t e r  during the  growth c y c le  t h i s  more s t a b le  but 
l e s s  a c t i v e  form i s  produced by A.nidulans (Moore et al.,1976). 
P é n ic i l l iu m  sp. can a ls o  produce the t r i a c e t y l a t e d  d e r i v a t i v e  
a t  a c o n c e n tra t io n  o f  300mg 1 1 . I t  i s  though t th a t  iro n
complexed by the t r i a c y l a t e d  sid ero p h o re  i s  w ith h e ld  from
competing microorganisms b u t  can be t r a n s f e r r e d  to  the a c t iv e  
sid ero p h o re  when needed by the producing organism . The e s t e r  
l in k a g e s  in  fu s a r in in e s  are v e r y  s u s c e p t ib le  to  h y d r o ly s is  and 
the l i n e a r ,  t r im e r ,  dimer and monomer ch a in s  a r e  fr e q u e n t ly  
observed  in  the c u l t u r e  f i l t r a t e  a long w ith  the  c y c l i c  tr im er 
(Sayer and Emery, 1968; Charlang et al.,1982)
Although most hydroxamate s id ero p h o res c o n ta in  th r e e  secondary 
hydroxamate groups, o th e rs  e x i s t  p o s s e s s in g  o n ly  two. The 
c i t r a t e  hydroxamates ( F i g l .2 e )  are d e r i v a t i v e s  o f  c i t r i c  a c id  
in  which the d i s t a l  c a rb o x y l  groups have been s u b s t i t u t e d  w ith  
more e f f e c t i v e  ir o n  com plexing u n i t s , i . e .  two hydroxamate 
groups. A e ro b actin  from Klebsiella pneumoniae and
p la s m id -b e a r in g  s t r a i n s  o f  Escheria coli, a r t h r o b a c t in  from 
A rth ro b a c te r  s p . and s c h iz o k in e n  from Bacillus megaterium are 
c i t r a t e  hydroxamates.
The fa m ily  o f  coprogens in c lu d e  both  dihydroxamate and
trihyd roxam ate  s id e ro p h o re s .  The l i n e a r  l i g a n d  m olecules o f
t h i s  fa m ily  c o n ta in  a d ik e to p ip e r a z in e  r i n g  formed by
8 8co n d en satio n  o f  two N -hydroxy-N a c y l - L - o r n i t h in e  u n i t s .  In the
tr ih y d ro x a m a te s , another u n i t  o f  monomer i s  e s t e r  l in k e d  to one
end o f  the d ip e p t id e  c h a in .  R h o d o to ru lic  a c id  ( F i g l .3 a ) ,  a 
8 8dimer o f  N -hydroxy-N - a c e t y l - L - o r n i t h i n e , (A tk in  and N eilands, 
1968) , has been found to  be produced by many y e a s t s  and smut 
fu n g i ,  the o r i g i n a l  producer b e in g  Rhodotorula pilimanae. 
Dimerumic a c id  ( F i g l .3 b ) ,  produced by Fusarium dimerum a ls o
c o n ta in s  the r h o d o to r u l ic  a c id  m o iety .  Coprogen, the
5
predominant s id erop hore  o f  Neurospora eras sa i s  a 
tr ihydroxam ate s id ero p h o re  a ls o  c o n ta in in g  the r h o d o to r u l ic  
a c id  moiety (Padmanaban and Sarma, 1964). I t s  s t r u c t u r e  i s  
shown in  F i g l .3 c .
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F ig .  1 . 2  S tr u c tu r e s  o f  some hydroxamate s id e r o p h o r e s . 
a) Ferrichrom e b) Albomycin c) Methane su lphonate  s a l t  o f  
d e fe r r i fe r r io x a m in e  B d) F usarin in e  C e) C i t r a t e  hydroxamate 
s id e r o p h o r e s .
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F ig .  1 .3  S tr u c tu r e s  o f  some hydroxamate sid e ro p h o res  b e lo n g in g  
to  the  coprogen fa m ily .
a) R h o d o tu rlic  a c id  b) Dimerumic a c id  c) Coprogen
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T r io r n i c in  and i s o t r i o r n i c i n ,  two members o f  the  coprogen
fa m ily  were found to be produced by Epicoccum purpurascens
(F re d e r ic k  et al.,19 8 1 ,19 8 2 ) .  The l ig a n d  m o le c u le s  are
s t r u c t u r a l l y  s i m i l a r  to  coprogen, e x c e p t  t h a t  th e  two te rm in i
8o f  the m olecules have d i s s i m i l a r  N - a c y l  groups (one a c e t y l  and 
one trans-anhydrom evalonyl gro u p s).  In  t r i o r n i c i n ,  theg
N - a c e t y l  group i s  in  the e s t e r - l i n k e d  o r n i t h i n e ,  w h ereas, in  
i s o t r i o r n i c i n ,  t h i s  group i s  in  the  d ik e t o p ip e r a z in e  end.
1.2.2. Phenolates/Catecholates.
The c a te c h o la te  s id e ro p h o res  are  made o f  th re e  u n i t s  o f  2 ,3
dihydroxy b e n z o ic  a c id  (DHBA) ( o c c a s i o n a l ly  s a l i c y l i c  a c id )
l in k e d  by amino a c id  and/or amino a lkan e  r e s id u e s  forming
e i t h e r  a c y c l i c  or a l i n e a r  m o le cu la r  backbone. Each
c a te c h o la te  group p ro v id e s  two oxygen atoms f o r  c h e l a t i o n  w ith
iro n  so th a t  a h exa d en tate  o c ta h e d ra l  complex i s  formed as in
the ca se  o f  the hydroxamate s id e ro p h o re s .  E n te ro b a c t in ,  ( F i g l .
4 a ) ,  a t r i e s t e r  o f  2 ,3 -  d ih yd ro xyben zo yl s e r in e  i s  an example
o f  a c y c l i c  c a t e c h o l a t e  s id e ro p h o re . The l ig a n d  was i s o l a t e d
from lo w -iro n  c u l t u r e s  o f  S . typhimurium ( P o l la c k  et al.,1970 b)
and E.coli (O 'B r ie n  and Gibson, 1970) and named e n te r o b a c t in
and e n te r o c h e l in ,  r e s p e c t i v e l y .  I t  i s  the  p r o to ty p e  o f  the
c a te c h o la te  s id e ro p h o res  and forms a complex w ith  i r o n  ( I I I )
52w ith  the h ig h e s t  form ation  co n sta n t (10 ) among a l l  known 
sid erop hores ( A v e le e f  e t  al.,1978; H a rr is  et al.,19 7 9 ) .  The 
m olecule may be i n t r a c e l l u l a r l y  h y d ro ly z e d  by F e s - e s t e r a s e  or 
spontaneously  b re a k  down in  the medium to  y i e l d  dimers and 
monomers o f  d ih yd roxhyben zoyl s e r in e  (DBS), which p ro d u c ts  are 
a ls o  capable  o f  t r a n s p o r t in g  ir o n  (Hantke,19 9 0 ). K l e b s i e l l a  sp. 
and E.coli a ls o  produce a th reo n in e  c o n ju g a te  analogous to  
e n te r o c h e l in  w h ile  Bacillus Subtilis c o n ta in s  a g ly c i n e  
c o n ju g a te .
A g ro b a ctin , i s o l a t e d  from Agrobacterium tumefaciens (Ong et 
al.,1979) i s  a l i n e a r  t r ic a te c h o la m id e  made o f  th re e  r e s id u e s  
o f  2,3-DHBA, a th r e o n y l  group in  the form o f  o x a z o l in e  r i n g  and 
a spermidine c h a in  ( F i g l .4 b ) .  The x - r a y  s t r u c t u r e  o f  a g r o b a c t in  
has been so lv e d  (Eng-Wilmot and van der Helm, 1980).
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In p a ra b a c t in  (F ig .  1 .4 c  R=H) i s o l a t e d  from Paracoccus 
denitrifLeans ( T a i t ,  1975; P e te rs o n  and N eila n d s, 19 7 9 ) ,  the  
meta h y d roxy l group o f  the middle c a t e c h o l  r i n g  i s  a b se n t.  
V ib r o b a c t in  re p o rte d  from Vibrio cholerae ( G r i f f i t h s  et 
al.,1984) d i f f e r s  from a g r o b a c t in  in  h a v in g  a norsperm idine 
re s id u e  in s te a d  o f  the sperm idine c h a in  and two o x a z o l in e  r in g s  
in s te a d  o f  one.
A su rvey  o f  gram -negative  b a c t e r i a l  p la n t  pathogens showed th a t  
most s t r a i n s  o f  A.tumefaciens and A.radiobacter i n v e s t i g a t e d  
produced c a t e c h o la t e  s id e ro p h o re s  as d id  Erwinia carotovora 
carotovora 78 (Leong and N e ila n d s ,  1982). S t r a in s  o f  the 
fre sh w a te r  pathogen o f  f i s h  and humans, Aeromonas hydrophila, 
a lso  produce c a t e c h o la t e  s id e ro p h o r e s .  The f i r s t  r e p o r t  o f  
c a te c h o la t e  s id ero p h o re  p ro d u c t io n  by a s t r a i n  o f  A.hydrophila 
was made by Andrus and Payne in  1982. E n te ro b a c t in  was 
i d e n t i f i e d  as the s id ero p h o re  produced by t h i s  s t r a i n  (Andrus 
and Payne 1983). C a te c h o la te  s id e ro p h o re  s y n th e s is  by o th e r  
s t r a i n s  o f  t h i s  organism c o u ld  not be a t t r i b u t e d  to 
e n te r o b a c t in  and in  1989 the p ro d u c tio n  o f  a new s id e ro p h o re ,  
Amonabactin, by Aeromonas hydrophilia 495A2 was d e s c r ib e d  
(Barghouthi et al.,1989). Amonabactin i s  composed o f  2 ,3  DHBA, 
ly s i n e ,  g ly c in e  and e i t h e r  tryp to p h a n  (amonabactin T) or 
phenylanine (amonabactin P) . Amonabactin i s  produced b y  many 
i s o l a t e s  o f  the  genus Aeromonas.
1 . 2 . 3 .  P se u d a b a ctin s , Pyoverd ines and M ycobactins.
The p ro d u ctio n  o f  y e l lo w / g r e e n  f lu o r e s c e n t  pigments i s  a
c h a r a c t e r i s t i c  o f  some Pseudomonas and A z o to b a c te r  s p e c ie s
grown under d e f i c i e n t  c o n d it io n s .  The compounds form s t a b le
3 +red-brown complexes w ith  Fe and s t im u la te  ir o n  uptake (Meyer 
and Hornsperger, 1978 ;Meyer and A b d a lla h , 1978; Knosp et 
al.,1984). Two d i f f e r e n t  names have been used f o r  the compounds 
i s o l a t e d  from the pseudomonas s p e c ie s :  pseu d o b a ctin s  and
py o verd in es. The complete s t r u c t u r e  o f  pyoverdine has been 
determined f o r  a few s t r a i n s ,  namely, P.aeruginosa ATCC 15692, 
(Wendenbaum e t  al.,1983) and f o r  s o i l  i s o l a t e s  r e l a t e d  to 
P .fluorescens or P.putida, namely, s t r a i n s  BIO, 7SR1, A214 and
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WCS358 ( T e in tz e  et al. ,1981; Yang and Leong, 1984; Buyer e t  
al.,1986; van der Hofstad et al.,19 8 6 ). The term p seu d o b a ctin
has been used  f o r  the pyoverdines o f  th e s e  r h i z o b a c t e r i a .  These
s t u d ie s  show th a t  each o f  th ese  s t r a i n s  produces a c h e m ic a l ly  
d i f f e r e n t  p y o verd in e , w ith  c e r t a i n  f e a t u r e s  in  common. In a l l  
c a se s  py o verd in es  have a 2. 3-d iam in o - 6 . 7 -d ih y d ro x y q u in o lin e  
d e r i v a t i v e , which g iv e s  c o lo u r  and f lu o r e s c e n c e  to  the 
m o le cu le ,  l in k e d  to  a sm all p e p t i d e ,  which d i f f e r s  among
s t r a i n s  in  th e  number and co m po sition  o f  amino a c id s .  A t h i r d  
p a r t  o f  the m o lecu le ,  u s u a l ly  formed by a succinam ide group 
l in k e d  to  an amino group o f  the q u in o l in e  d e r i v a t i v e ,  can a ls o  
d i f f e r  depending on the s t r a i n  s i n c e  i t  i s  r e p la c e d  by a
malamide group f o r  pseud obactin  A214 (Buyer e t  al.,1986). 
C h e la t io n  o f  ir o n  ( I I I )  in v o lv e s  th e  c a t e c h o l a t e  group o f  the 
chromophore and the two hydroxamate m o ie t ie s  o f  the 
hydroxyam inoacyl re s id u es  o f  the  p e p t id e  c h a in .  Thus 
p y o ve rd in e s  form a fa m ily  o f  compounds which are in term ed iate  
between the u s u a l ly  s t r i c t  c a t e c h o l a t e  or hydroxamate 
s id e r o p h o r e s .
I
P seu d o b actin  from Pseudomonas BIO has th e  fo l lo w in g  s t r u c t u r e :  
L-Lys-D-Threo-/3-0H-Asp-L-Ala-D-allo-Thr-L-Ala-D-N^-OH-Orn 
( F i g l .  4d ).T h e o r n ith in e  re s id u e  i n  t h i s  h exapeptid e  i s  
c y c l i s e d  in to  an N-hydroxy p ip e r id o n e  r in g  and the l y s i n e  
r e s id u e  i s  l in k e d  to a f l u o r e s c e n t  q u in o lin e  d e r i v a t i v e .  
Pyoverdine from P .fluorescens c o n ta in s  seven amino a c id  
r e s id u e s  w ith  two hydroxamate groups and an 0 -dihydroxy 
arom atic  group. I t  i s  a l i n e a r
C
o c t a p e p t i d e , D -Ser-L-Arg-D-Ser-L-N  -OH-Orn-L-Thr-L-Thr-L-
8ly s -N  -OH-Orn. The two hydroxamic a c i d  groups o f  the o r n i th in e  
r e s id u e s  and the  0 -d ih yd ro xyq u in o lin e  m o iety  form the c h e la t i n g  
groups f o r  i r o n .
The m ycobactins produced by m y co b a cte r ia  have the g e n era l  
s t r u c t u r e  shown in  F i g l .  4e. M ycobactin  i s  a unique m ic r o b ia l  
s id e ro p h o re  in  t h a t  i t  i s  both  l i p i d - s o l u b l e  and i n t r a c e l l u l a r  
i n  o ccu re n ce . I t  was f i r s t  i s o l a t e d  as a growth f a c t o r  fo r  
M.paratuberculosis and the o r i g i n a l  work le a d in g  to  the 
i s o l a t i o n  o f  a number o f  r e l a t e d  m ycobactin  m olecules was
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c a r r i e d  out by Snow in  1970. M yco b actin s, c o n ta in in g  two 
hydroxamate groups, the t h i r d  p a i r  o f  c h e l a t i n g  groups b e in g  
pro vid ed  by an oxygen atom on the  aro m atic  r e s id u e  and a 
n itr o g e n  on th e  o x a z o lin e  r i n g ,  may a l s o  be v iew ed  c h e m ic a l ly  
as h y b rid s  between the hydroxamate and p h e n o la t e - c a t e c h o la t e  
c l a s s e s  o f  s id e r o p h o r e s .
In the s t r u c t u r e  shown R -^R ,^ are  s u b s t i t u e n t s  which v a ry  
a cco rd in g  to  the  s p e c i e s : R i s  u s u a l l y  an u n s a tu r a te d  a l k y l
chain  (C -C ) and R and R are  e i t h e r  -H or -CH . R i s12 19 2 a 3 4
norm ally  -CHa or b u t may be a lo n g e r  a l k y l  ch a in  w ith
M. avium. R^  may a ls o  be a lo n g  a l k y l  c h a in  (C "C ) w ith  
M.narinum and w ith  Nocardia asteroides (C -C ) b u t  in  th ese
'  9  13
cases R becomes a -CH group. R i s  e i t h e r  -H o r  -CH . Thus, i t  l 3 & K 5 3
i s  now p o s s i b l e  to i d e n t i f y  most m y co b a c te r ia  a c co rd in g  to  the 
m ycobactin which th ey  produce.
As m ycobactins occur i n t r a c e l l u l a r l y  th e y  a re  thought to  a c t  in  
c o n ju n c tio n  w ith  e x t r a c e l l u l a r  c h e l a t i n g  ag en ts  termed 
e x o c h e l in s  (Stephenson and R ath led ge , 1980). The s t r u c t u r e  o f  
th ese  ir o n -b in d in g  compounds has n o t  been f i r m l y  e s t a b l i s h e d .
1 . 2 .4 .  R h iz o b a c t in .
Most f i x e d  n i t r o g e n  in  the b io sp h e re  a r i s e s  from sym biosis 
between s p e c i f i c  members o f  the R h iz o b ia  and t h e i r  r e s p e c t iv e  
h o s t  p la n t s .  Due to the p resen ce  o f  ir o n  a t  the  d i f f e r e n t  
s ta g e s  o f  the  f i x a t i o n  p r o c e s s ,  the i r o n  m etabolism  o f  some 
s p e c ie s  was examined.
Rhizobium meliloti DM4 could  be made ir o n  d e f i c i e n t  in  
la b o r a to r y  c u l t u r e  but t e s t s  o f  the su p ern a ta n t  f l u i d  w ith  the 
Arnow and Csaky re ag e n ts  gave n e g a t iv e  r e s u l t s  f o r  c a t e c h o l  and 
hydroxamate s id ero p h o res  r e s p e c t i v e l y .  The i s o l a t i o n  o f  
r h i z o b a c t i n  became p o s s ib le  once th e s e  c o lo u r im e t r i c  assays 
were r e p la c e d  by an e q u a l ly  s e n s i t i v e  b u t  l e s s  r e s t r i c t i v e  
EDDA-Luria b r o th  (LB) b io a s s a y  (Smith and N e i la n d s ,19 8 4 ). The 
compound N - [ 2 - [ (1 - c a r b o x y e th y l) - a m in o ] e th y l] - N  - (3 -ca rb o xy -3 -  
h y d ro x y - l-o x o p ro p y l)  l y s i n e  c o n ta in s  e th y len e
d ia m in e d ica rb o x yl and a -h y d ro x y c a rb o x y l m o ie t ie s  as 
m e ta l- c o o r d in a t in g  groups. The e th y len ed iam in e  group i s  novel
12
as a natural product and is unprecedented as a ligand in the 
siderophore series, which characteristically contain catechol 
or hydroxamate functional groups. This genus and the 
siderophores discovered to date will be discussed at a later 
stage. The structure of Rhizobactin is given in Figl.4f.
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Fig. 1.4 Structures of siderophores belonging to the 
catecholate and rhizobactin class of siderophores. 
a) Enterobactin b) Agrobactin c) Parabactin d) Pseudobactin 
e) Mycobactin f) Rhizobactin
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1 .3  M ic ro b ia l  p r o te in s  in v o lv e d  in  i r o n  a c q u i s i t i o n .
As s t a t e d  p r e v io u s ly ,  the  e f f i c i e n t  a b so rp t io n  a t  low 
c o n c e n tra t io n s  o f  the v a r io u s  s id e ro p h o re s  produced by m icrobes 
under iro n  s t r e s s  i s  a c h ie v e d  b y  r e c e p t o r s  in  the c e l l  
e n ve lo p e . The requirem ent f o r  a r e c e p t o r  fo l lo w s  l o g i c a l l y  from 
the o b s e r v a t io n  th a t  w a t e r - s o lu b le  compounds exeed in g  c a . 500 
to  600 d a lto n s  cannot permeate the  sm all  w a te r  f i l l e d  pores in  
th e  s e a le d  o u te r  membrane o f  g ra m -n eg a tive  b a c t e r i a .
Most o f  the in fo rm atio n  about th e s e  r e c e p t o r  p r o te in s  has been 
c o l l e c t e d  through s tu d ie s  on b a c t e r i a ,  e s p e c i a l l y  e n t e r i c  
s p e c ie s  such as E. coli and Salmonella typhimurium. T his i s  due 
m o stly  to  the more complete u n d ersta n d in g  o f  the g e n e t ic s  o f  
the e n t e r i c s  as a c l a s s ,  as c o n t r a s t e d  to  o th e r  b a c t e r i a l  
s p e c ie s  or f u n g i .
G e n e tic  and b ioch em ica l a n a ly s e s  o f  the c e l l  envelopes o f  
gram -negative  b a c t e r i a ,  in  p a r t i c u l a r  th o se  o f  E.coli and 
S .typhimurium, have r e v e a le d  subs m t i a l  d e t a i l  re g a rd in g  the 
morphology, com position and func io n  o f  the t r i p l e - l a y e r e d  
s h e l l  s t r u c t u r e  o f  these  organisms In o u y e , 1979). The in n er  or 
c y to p la sm ic  membrane i s  a phospho i p i d  b i l a y e r  c o n ta in in g  a 
la r g e  number o f  p e r ip h e r a l  and i n t  ¡ r g r a l  p r o t e in s .  The major 
fu n c t io n s  o f  th ese  are  the  a c t i v e  t r a n s p o r t  o f  s u b s t r a t e s ,
in c lu d in g  i r o n ,  and energy t r a n s d u c t io n  (Rosen, 1978). In  the 
p e r ip la s m ic  space between the in n e r  and o u te r  membranes l i e s  a 
p e p t id o g ly c a n  or murein network t h a t  im parts shape and r i g i d i t y  
to  the c e l l  (Henning, 19 7 5 ) .  In t h i s  peroplasm ic space are 
found p r o te in s  in v o lv e d  in  b in d in g  or p r o c e s s in g  o f  tra n sp o rte d  
s o lu t e s  ( D i l l s  et al.,1980). The o u te r  membrane, in  which most 
o f  th e  i r o n - r e l a t e d  p r o t e in s  have been d e te c te d ,  i s  an 
asymmetric b i l a y e r  w ith  ch a in s  o f  l ip o p o ly s a c c h a r id e  p ro tru d in g  
from the o u te r  l e a f .  The m o le c u la r  w e ig h ts  o f  the i r o n - r e l a t e d
p r o t e in s ,  in  the range o f  c a .  80,000 d a lto n s  by  SDS-PAGE
a n a l y s i s ,  a re  such th a t  th e y  can e a s i l y  span the p e r ip la s m ic
space and c o n ta c t  the inner membrane.
The a c t u a l  i d e n t i f i c a t i o n  o f  a s id e ro p h o re  r e c e p to r ,  f i r s t  
a c h ie v e d  f o r  ferrich ro m e (Wayne and N e ila n d s ,  19 7 5 ),  owes much 
to  work on v ita m in  B12 t r a n s p o r t  in  E.coli and the
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dem onstration  th a t  the v ita m in  and c o l i c i n  E share  a common 
b in d in g  s i t e .  A lso  e s s e n t i a l  was the d is c o v e r y  o f  a s e r i e s  o f  
sid mutants o f  S . typhimurium r e s i s t a n t  to  an a n t i b i o t i c  
analogue o f  fe rr ic h ro m e , albom ycin (Luckey et al. ,19 7 2 ). The 
mutants were in ca p a b le  o f  ferr ich ro m e  t r a n s p o r t  and were mapped 
a t  the pan lo c u s  on the chromosome. The pan lo c u s  in  E.coli 
c o in c id e s  w ith  the c l a s s i c  g e n e t ic  l e s i o n ,  ton A, and t h i s  was 
in stru m e n ta l  in  g e n e ra tin g  the thought t h a t  the b io ch em ica l 
fu n c t io n  o f  i t s  gene product must be t h a t  o f  a r e c e p t o r  fo r  
fe rr ic h ro m e  (Wayne and N e i la n d s , 1 9 7 5 ) .  T h e re fo re  E.coli, even 
though i t  does n o t  s y n th e s iz e  fe rr ic h ro m e , m ain ta in s a re c p to r  
f o r  i t s  u p ta k e . Once the ton A  (now fhu A) p r o t e in  had been 
i d e n t i f i e d  as a component o f  the fe rr ic h ro m e  r e c e p t o r ,  i t  was 
assumed t h a t  r e c e p to r s  f o r  o th e r  s id e ro p h o re s  should  e x i s t  and 
th a t  th e se  in  many in sta n c e s  might a ls o  se rv e  as b in d in g  s i t e s  
fo r  s p e c i f i c  phages and b a c t e r i o c i n s . T h u s, the p r o t e c t iv e  
e f f e c t  o f  f e r r i c  e n te r o b a c t in  a g a in s t  c o l i c i n  B, f i r s t  shown by 
Guterman (1973) , co u ld  be a s c r ib e d  to c o m p e tit io n  f o r  a common 
b in d in g  s i t e  in  the o u ter  membrane.
E.coli does n o t s y n th e s iz e  or n orm ally  r e q u ir e  B12, a lthough i t  
m ain ta in s b o th  an uptake system f o r  the  v i ta m in  and a t  l e a s t  
two enzyme p r o t e in s  th a t  use i t  as a c o f a c t o r .  The g e n e t ic  
o r g a n iz a t io n  o f  the  v ita m in  B12 t r a n s p o r t  system  i s  shown in  
F i g l . 5 .
b t u B b t u C b t  u E b t u D
66 31 22 27
Gene btuB codes f o r  a 6 6 ,000-dalton o u te r  membrane r e c e p to r  
th a t  r e q u ir e s  a d iv a le n t  c a t io n  and l ip o p o ly s a c c h a r id e  f o r  
maximum a c t i v i t y .  As w e l l  as B12 i t  i s  a ls o  a r e c e p to r  fo r  
c o l i c i n s  E and A and phage BF23 ( H e l le r  and Kadner, 1985) 
a lthough m o d if ic a t io n  o f  the btuB c i s t r o n  v i a  the btuA m utation 
im pairs B12 t r a n s p o r t  w ith ou t a f f e c t i n g  s e n s i t i v i t y  to the E 
c o l i c i n s  or phage BF23. T his le a d s  to  the c o n c lu s io n  th a t  
d i f f e r e n t  b in d in g  s i t e s  occur in  the r e c e p t o r .  A v a i la b le
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evidence su g g e sts  th a t  the  pro d u cts  o f  th e  btuCED operon 
comprise a p e r ip la s m ic  b in d in g  p r o t e i n - a s s o c i a t e d  system  fo r  
tr a n s p o r t  o f  v ita m in  B12 a c ro s s  the  c y to p la s m ic  membrane 
(Reynolds e t  al., 1980; DeVeaux e t  al., 1986). F i n a l l y ,  i n t a c t  
ton B and exbB genes a re  re q u ire d  f o r  B12 uptake and 
s e n s i t i v i t y  to  many phages and c o l i c i n s .  I ro n  c h e l a t e  uptake 
systems a ls o  depend on the fu n c t io n  o f  the tonB gene p rod uct 
(F ro st  and Rosenberg, 1975; B a ssfo rd  e t  al., 1 9 7 6 ) .  S tu d ie s  on 
m utations in  t h i s  gene le d  to  the p ro p o s a l  t h a t  the  tonB 
product co u p les  m e ta b o lic  energy to  th e  o u te r  membrane 
re c e p to r s  r e s p o n s ib le  f o r  the b in d in g  and uptake  o f  th ese  
n u t r i e n t s ,  c o l i c i n s ,  and phages (Reynolds e t  al., 1980). The 
B12 system o f  uptake remains the model t h a t  most c l o s e l y  
p a r a l l e l s  s id ero p h o re  t r a n s p o r t ,  in c lu d in g  th e  p a r t i c i p a t i o n  o f  
the tonB gene fu n c t io n  (N eila n d s, 1982).
The e s s e n t i a l  f e a t u r e s  o f  the h ig h  a f f i n i t y  i r o n  a s s i m i l a t i o n  
system are  d e p ic te d  in  F i g l .  6.
17
At low l e v e l s  o f  a v a i l a b l e  ir o n  in  the growth medium, which 
g e n e r a l l y  means l e s s  than  about m icrom olar, the  b i o s y n t h e t i c  
machinery f o r  both s id e ro p h o re  and r e c e p to r  i s  d e re p re ss e d .  The 
fu n c t io n  o f  the r e c e p to r s  i s  to  b r in g  the f e r r is id e r o p h o r e  to ,  
or through, the  envelope  where the m etal io n  undergoes a 
r e d u c t iv e  s e p a r a t io n  from th e  l ig a n d .
1 . 4  Iron tr a n s p o r t  system s in  E.coli
The e n t e r ic  bacterium  E.coli K-12 i s  the s i n g l e  m icroorganism  
f o r  which the most in fo rm a tio n  as re g a rd s  i t s  g e n e t ic  
c o n s t i t u t i o n  i s  known. I t  i s  a ls o  the bacterium  t h a t  i s  the 
fo cu s o f  s tu d ie s  d e s ig n ed  to  e lu c id a t e  the m o le cu la r  mechanism 
o f  ir o n  a s s im i la t i o n  and th e  r e g u la t io n  o f  t h i s  p r o c e s s .
When one c o n s id e rs  t h a t  E.coli K-12 can s y n t h e s iz e  and 
tra n s p o r t  f e r r i c  e n te r o b a c t in ,  can tr a n s p o r t  exogenous 
sid ero p h o res such as fe rr ic h ro m e  and f e r r i c  r h o d o t o r u la t e , can 
induce a system f o r  t r a n s p o r t  o f  f e r r i c  c i t r a t e ,  may harbour 
plasm ids fo r  s y n t h e s is  and tr a n s p o r t  o f  f e r r i c  a e r o b a c t in  and 
a d d i t i o n a l l y  may a s s i m i l a t e  ir o n  v i a  a r e l a t i v e l y  i n e f f i c i e n t  
l o w - a f f i n i t y  pathway, one i s  p re se n te d  w ith  an extrem e ly  
complex system o f  i r o n  a s s i m i l a t i o n  - i r o n  i s  o b v io u s ly  n o t  to 
be excluded from the d i e t a r y  regime o f  E.coli.
1 . 4 . 1 .  F e r r i e n t e r o b a c t i n  t r a n s p o r t  in  E.coli.
The endogenous h ig h  a f f i n i t y  t r a n s p o r t  system f o r  ir o n  o f  
E.coli i s  m ediated by the  sid ero p h o re  e n te r o b a c t in ,  a c y c l i c  
tr im er  o f  2 , 3 -d ih y d ro x y -N -b e n z o y l-L -se r in e  (DBS) t h a t  b ind s one 
atom o f  f e r r i c  ir o n .  A v ie w  o f  the f e r r i e n t e r o b a c t i n  t r a n s p o r t  
system i s  shown in  F ig .  1 . 7 .
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Fig. 1.6 Essential features of the high affinity iron 
assimilation system
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E N V I R O N 1“ ! rNT Bound or Polymeric Iron
F ig .  1.7 A view of the ferrienterobactin transport system
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E n te ro b a c tin  i s  s y n th e s iz e d  and r e le a s e d  i n t o  the  medium when 
E.coli grows in  an i r o n - d e f i c i e n t  medium. F e r r i c - e n t e r o b a c t i n  
complexes form and th e s e  are t r a n s p o r te d  through the c e l l  
envelope in to  the  cytoplasm . Iro n  i s  made a v a i l a b l e  to  the c e l l  
and the e n te r o b a c t in  i s  h y d ro ly sed . The p ro d u c ts  o f  a t  l e a s t  
seven b i o s y n t h e t i c  genes and f i v e  t r a n s p o r t  genes are  re q u ire d  
f o r  t h i s  p r o c e s s .  The genes, a l l  o f  which map a t  around 13 min 
on the E.coli chromosome, occur in  the  f o l lo w in g  o rd er; entD 
fepA fes entF fepE fepC fepD fepB fepF enCEBG (AC) (Fleming et 
al. , 1985; N a h lik  e t  al. , 1987; P ie r c e  and E a rh a rt ,  1986).
Genes d is ig n a t e d  e n t a re  in v o lv e d  in  e n t e r o b a c t i n  (Ent) 
b i o s y n t h e s i s ,  fep genes are  in v o lv e d  w ith  FeEnt t r a n s p o r t ,  and 
the fes gene s p e c i f i e s  the f e r r i e n t e r o b a c t i n  e s t e r a s e  which i s  
n e c e s sa ry  to  make siderophore-bound ir o n  a v a i l a b l e  to  the c e l l .  
The pathway f o r  Ent s y n th e s is  and d e g ra d a tio n  i s  shown in  F ig .  
1 . 8 .
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Fig. 1.8 Pathway for enterobactin synthesis and degradation
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The pathway s t a r t s  w ith  ch o r ism ic  a c id ,  the  branch p o in t  in  
arom atic  a c id  b io s y n t h e s i s .  The p ro d u cts  o f  entC, B and A  then 
c o n ve rt  chorism ate to  DHB (Young e t  al. , 1969 a ,b ,  1 9 7 1 ) .  The 
s y n th e s is  o f  Ent from DHB and L - s e r in e  i s  accom plished by the 
prod ucts  o f  genes entD, E, F  and G (Woodrow et al., 1979). The 
EntD, E, F and G p o ly p e p t id e  a re  b e l i e v e d  to  a s s o c i a t e  to  form 
enzyme complexes (Greenwood and Luke, 1976 and 1980) and i t  has 
been su ggested  th a t  the Ent s y n th e ta s e  complex i s  a s s o c i a t e d  
w ith  the c yto p la sm ic  membrane, which might o f f e r  the means to  
e x c r e te  Ent thus a v o id in g  d e g ra d a t io n  by Fes and p o s s i b le  
i n t r a c e l l u l a r  damage due to  i r o n  c h e l a t i o n  by uncomplexed Ent. 
Except th a t  FepA (the pro d u ct o f  the  fepA gene) i s  not 
re q u ire d ,  th e re  i s  l i t t l e  known about how Ent le a v e s  c e l l s .
The products o f  the fepA, fepB and fepC genes are  r e q u ir e d  f o r  
t r a n s p o r t  o f  FeEnt through the c e l l  envelope as are  the 
prod ucts  o f  the  tonB and exbB genes which map a t  28 min and 59 
min, r e s p e c t i v e l y .
FepA: FepA, an 81,000 Mr o u te r  membrane p r o t e in ,  se rv e s  as the
re c e p to r  f o r  FeEnt and a ls o  f o r  c o l i c i n s  B and D. Both 
fu n c t io n s  are  se p a ra b le  by m utation  (McIntosh et al., 19 7 9 ), as 
i s  the ca se  f o r  the v ita m in  B12 r e c e p t o r .  The s y n th e s is  o f  FepA 
i s  c o o r d in a t e ly  c o n t r o l le d  in  E.coli K-12 w ith  t h a t  o f  two 
o th e r  o u ter  membrane p r o t e in s ,  C ir  (Mr 74,000) and F iu  (Mr 
83,000). The FepA, F iu  and C i r  p r o t e in s  are  dominant members o f  
the o u te r  membrane p o ly p e p t id e  complement under c o n d it io n s  o f  
i r o n  s t a r v a t i o n .  The c i r  gene maps a t  43 min and i t s  p rod uct 
fu n c t io n s  as the re c e p to r  f o r  c o l i c i n s  l a  and lb  ( C a r d e l l i  and 
K onisky, 1974) . No fu n c t io n  i s  known f o r  the fiu gene p rod uct 
(18 min) (Hantke, 1983). Why th e se  p r o t e in s  are  c o o r d in a t e ly  
r e g u la te d  i s  not known.
FepB: In  1983 g e n e t ic  p ro o f  was p ro v id ed  f o r  the e x is t e n c e  o f
a t  l e a s t  two fep genes ( P ie r c e  et al.,1983). The s t r a i n  DK214 
overproduces Ent and i s  d e f e c t i v e  in  FeEnt t ra n s p o rt  and f a i l s  
to  grow in  i r o n - d e f i c i e n t  media. The l e s i o n  in  DK214 was 
complemented by h y b r id  A phage A l  b u t  t h i s  f a i l e d  to  complement
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s t r a i n s  b e a r in g  fepA m utations. The new gene, named fepB was 
shown to  map between entF and entA. The E.coli DNA fragment in  
AA1 was c lo n e d  in to  the v e c t o r  pACYCl84 g iv in g  p lasm id  p C P l l l  
( P ie r c e  and E a rh a rt ,  1986). FepB was i d e n t i f i e d  u s in g  m i n i c e l l ,  
m a x ic e l l  and in  v i t r o  D N A-directed p r o t e in  s y n t h e s iz in g  
system s. The fepB gene product g iv e s  r i s e  to  fo u r  p o ly p e p t id e s ,  
Mw. ra n g in g  from 31,500 to  36,500 on SD S-polyacrylam ide g e l s .  
L o c a l i z a t i o n  s t u d ie s  determined t h a t  th e  l a r g e s t  fepB p ro d u ct,  
proFepB, i s  membrane a s s o c ia te d  whereas th e  o th e r  forms o f  FepB 
are found in  the  perip lasm . The e v id e n c e  i n d ic a t e s  t h a t  fepB 
codes f o r  a p e r ip la s m ic  p r o t e in  and t h a t  proFepB p o se sse s  a 
le a d e r  sequence. That FeEnt t r a n s p o r t  r e q u ir e s  a p e r ip la s m ic  
p r o t e in  emphasizes the s i m i l a r i t i e s  between v ita m in  B12 and 
FeEnt t r a n s p o r t .
FepC: S tu d ie s  on subclones o f  p C P l l l  r e v e a le d  the p resen ce  o f
another gene (fepC) re q u ire d  f o r  FeEnt t r a n s p o r t  (P ie r c e  and
E a rh a rt ,  1986). FepC has an Mr o f  30,500 on stand ard
SD S-poylacyrlam ide g e ls .  No proFepC pro d u ct  was o bserved  in  
mini or maxi c e l l s  and FepC i s  a membrane c o n s t i t u e n t  p ro b a b ly  
lo c a t e d  in  th e  cyto p lasm ic  membrane s in c e  such p r o t e in s  are 
s y n th e s iz e d  w ith o u t  a le a d e r  sequence. There i s  a t  l e a s t  one 
o th e r  p o ly p e p t id e  encoded by p lasm id  p C P l l l .  This p r o t e in  FepF 
i s  a membrane component w ith  a Mr o f  29,500. The gene i s
between fepB and entE and t h i s  s u g g e s ts  t h a t  i t  may have a r o l e  
in  FeEnt t r a n s p o r t  s in c e  thus f a r  o n ly  e n t - r e l a t e d  genes have 
been d e te c te d  in  t h i s  re g io n .
TonB: M utations in  tonB were i s o l a t e d  o ve r  40 y e a rs  ago as a
c l a s s  o f  E.coli s u r v iv in g  exposure to  b a c te r io p h a g e  T1 (L u ria  
and D elbruck, 1943) . They have been su b se q u en tly  shown to  be 
i n s e n s i t i v e  to  b a cter io p h a g e  <j> 80, (M atsushiro, 1963),
i n s e n s i t i v e  to  group B c o l i c i n s ,  d e f e c t i v e  in  v i ta m in  B12 
t r a n s p o r t  (B a ss fo rd  et al., 1976) and d e f e c t i v e  in  a l l
h i g h - a f f i n i t y  sid erop hore  m ediated i r o n  t r a n s p o r t .  The 
c y to p la s m ic  membrane can g e n e ra te  and m ain ta in  an
e le c t r o c h e m ic a l  p o t e n t i a l  s u f f i c i e n t  to  e n e rg iz e  the  a c t i v e
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tra n s p o rt  o f  n u t r i e n t s  a c ro s s  i t .  Because sm all  m olecules  
f r e e l y  d i f f u s e  a c ro s s  the o u te r  membrane i t  cannot g e n era te  or 
m aintain  an e le c tr o c h e m ic a l  p o t e n t i a l  s u f f i c i e n t  to  e n e rg iz e  
the p r o c e s s e s  mentioned above. TonB i s  proposed  to  fu n c t io n  in  
th ese  p r o c e s s e s  as an energy tra n s d u c e r ,  c o u p lin g  c y to p la sm ic  
membrane en ergy  to  energy-dependent o u te r  membrane phenomena 
(Hancock and Braun, 1976). D e f i n i t i v e  e v id e n c e  co n cern in g  the 
lo c a t io n  o f  TonB i s  la c k in g .  A c y to p la s m ic  l o c a t i o n  has been 
re p o rted  (P la sto w  and H olland, 1979) b u t  a p e r ip la s m ic  lo c a t i o n  
has been argued due to  the p resen ce  o f  a le a d e r  sequence and 
evidence  t h a t  TonB i s  h y d r o p h i l i c  ( P o s t le  and Good, 1983) . The 
TonB product i s  u n s ta b le  and has a s h o r t  f u n c t i o n a l  h a l f - l i f e  
in  the above p ro c e s s e s  (Kadner and McElhaney, 1978). This has 
been i n t e r p r e t e d  as evidence  t h a t  a l i m i t e d  amount o f  TonB 
e x i s t s  and t h a t  TonB i s  consumed w h ile  c a r r y i n g  out i t s  
fu n c t io n .
ExbB: L ike  the  tonB gene, exbB i s  not lo c a t e d  in  the Ent gene
c l u s t e r .  There i s  a d isp u te  re g a rd in g  th e  r o l e  o f  ExbB in  
ferrich ro m e uptake (Hantke and Zimmerman, 1981; P u g sley  and 
Reeves, 1976a) bu t i t  i s  agreed th a t  c e l l s  w ith  exbB m utations 
are  p a r t i a l l y  d e f e c t i v e  in  FeEnt u p ta k e , hyper e x c r e t e  Ent, 
e x h i b i t  s t r o n g l y  d ecreased  B12 t r a n s p o r t  and are  s e n s i t i v e  to 
group B c o l i c i n s  (Guterman and Dann, 1973; P u g sley  and Reeves, 
1976 b ) . The r o l e  o f  ExbB i s  unknown.
1 .4 .2  R e g u la t io n  o f  the E n te ro b a c tin  System
R e g u la t io n  o f  FeEnt t r a n s p o r t  i s  under the c o n t r o l  o f  the fur 
( f e r r i c  uptake r e g u la t io n )  gene, as a re  a l l  h ig h  a f f i n i t y  
t ra n s p o rt  system s f o r  ir o n .  M utations in  fur were f i r s t  
i d e n t i f i e d  in  S .typhimurium (E rnst et al. , 1978 ). These c e l l s  
w ith  fur m utations c o n s t i t u t i v e l y  e x p re sse d  th re e  
i r o n - r e g u la t e d  o u te r  membrane p r o t e in s ,  Ent s y n t h e s is ,  FeEnt 
and fe rr ic h ro m e  uptake and d e g ra d a tio n  o f  i n t r a c e l l u l a r  FeEnt. 
Using the operon fu s io n  fhuA-lacZ (fhuA = tonA: for f e r r i c
hydroxamate uptake,), s i m i la r  mutants were i s o l a t e d  in  E.coli 
(Hantke, 1 9 8 1) .  In t h i s  c a s e ,  fur was shown to  enhance fepA 
t r a n s c r i p t i o n  by a f a c t o r  o f  th re e  under i r o n  r e p le t e
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c o n d it io n s .  A fur: :Tn5 m utation was i s o l a t e d  in  1985 (Bagg and 
N eilan d s, 1985) u s in g  a p lasm id  c o n ta in in g  a fu s io n  o f  la.cZ and 
a gene f o r  a e r o b a c t in  s y n t h e s is .  Using t h i s  iucC-lacZ ( i r o n  
uptake c h e la te )  fu s io n ,  mutants d e re p re sse d  f o r  B - g a la c t o s i d a s e  
s y n th e s is  under i r o n - r e p l e t e  c o n d it io n s  were i s o l a t e d .  The 
f u r : :T n 5  mutant was found to  be d e re p re sse d  n o t o n ly  f o r  the 
s y n th e s is  o f  B - g a la c t o s i d a s e ,  b u t a l s o  f o r  the  s y n t h e s is  o f  
c a te c h o l  and hydroxam ate. Outer membrane p r o t e in s  norm ally  
d e rep ressed  under low i r o n  c o n d it io n  were a l s o  c o n s t i t u t i v e l y  
d erep ressed  g iv in g  a phenotype c h a r a c t e r i s t i c  o f  p r e v i o u s ly  
d e sc r ib e d  fur m utants. A l l  fur m utations were p la c e d  a t  about 
1 5 .7  min on th e  E.coli chromosome. Fur appears to  d i r e c t  the 
s y n th e s is  o f  an 18,500 Mr p o ly p e p t id e  (Hantke, 1984) and the 
Fur p r o te in  i s  thought to  a c t  as an a p o r e p r e s s o r , w ith  i r o n  or 
an i r o n - r e l a t e d  compound a c t in g  as c o - r e p r e s s o r .  E x p re ss io n  o f  
the Ent b i o s y n t h e t ic  genes i s  a l s o  s t r o n g ly  r e g u la t e d  by iro n .  
The mechanism f o r  the c o o rd in a ted  r e g u l a t i o n  o f  the 
b i o s y n t h e t ic  genes i s  not known b u t the p ro d u ct o f  the  fur gene 
a ls o  p la y s  a r o l e .
1 . 4 . 3 .  R e g u la t io n  o f  the  tonB gene.
Under a e ro b ic  c o n d i t i o n s , r e g a r d le s s  o f  changes in  iro n  
a v a i l a b i l i t y  o r  the fur lo c u s ,  the tonB gene was though t to  be 
tr a n s c r ib e d  c o n s t i t u t i v e l y  (Dorman et al. , 1988) even though
sequences s i m i la r  to  o th e r  F u r-b in d in g  s i t e s  (deLorenzo et al., 
1987; Griggs and K onisky, 1989; P r e s s l e r  et al , 1988) are
p re se n t  in  the tonB promoter r e g io n  (P o s t le  and Good, 1983). In 
a study by P o s t le  (1990) the is s u e  o f  tonB t r a n s c r i p t i o n a l  
r e g u la t io n  was reexamined u s in g  th re e  d i f f e r e n t  tonB-lacZ 
t r a n s c r i p t i o n a l  fu s io n s  d i f f e r i n g  in  the e x te n t  o f  in te r v e n in g  
DNA between tonB and lacZ. The r e s u l t s  w ith  the 
tonB'-Mu-trpC'-trpB-trpA'-lacZ fu s io n  show t h a t  under 
c o n d it io n s  o f  e x c e s s  ir o n ,  ¿3 -g ala cto s id a se  remained a t  
approxim ately  300 U throughout the growth o f  th e  c u l t u r e  
whereas under c o n d it io n s  o f  ir o n  s t a r v a t i o n ,  /3 -g a la cto s id a se  
l e v e l s  were a p p ro x im a te ly  tw o fo ld  g r e a te r  a t  a l l  p o in ts  
compared w ith  ir o n  e x c e s s  c o n d it io n s .  y 3 -ga la cto sid a se  l e v e l s  in
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a fu r : :T n 5  d e r i v a t i v e  o f  t h i s  s t r a i n  were e le v a t e d  
approxim ately  tw ofo ld  in  th e  p re se n ce  o f  100 pM F eC l3 compared 
w ith  the  f u r + d e r i v a t i v e ,  s u g g e s t in g  th a t  the iron -d epen d en t 
r e g u la t io n  observed  r e q u ir e s  an i n t a c t  fur lo c u s .  T h is  i s  the 
f i r s t  r e p o r t  o f  r e g u la t io n  o f  TonB by i r o n . .
1 . 4 . 4 .  A e ro b actin  iro n  uptake system .
In 1979, W illiam s re p o rte d  the p re se n ce  o f  a hydroxamate typ e  
o f  s id ero p h o re  in  c e r t a i n  c l i n i c a l  i s o l a t e s  o f  E.coli 
h arbouring  the plasm id coding  f o r  c o l i c i n  V. The i s o l a t e s  were 
c h a r a c t e r i z e d  by t h e i r  c a p a c i t y  to  cause d is s e m in a t in g  
i n f e c t i o n s  in  experim en ta l a n im als.  I t  was shown t h a t  the 
v i r u le n c e  a t t r i b u t e  could  be a s s ig n e d  to  the  sid ero p h o re  r a t h e r  
than to  the b a c t e r i o c i n  c o l i c i n  V o r  to  e n te r o b a c t in ,  the 
s id ero p h o re  indigenous to p r a c t i c a l l y  a l l  e n t e r i c  b a c t e r i a .
A g e n e ra l  r e la t io n s h i p  between the s e n s i t i v i t y  to  b a c t e r i o c i n s  
or phage and the presence o f  envelope components c o n f e r r i n g  the 
a b i l i t y  to t r a n s p o r t  s p e c i f i c  f e r r i c  s id e ro p h o res  was proposed 
in  1975 by Wayne and N e ila n d s,  fo l lo w in g  the dem onstration  th a t  
the a b i l i t y  o f  E.coli to  t r a n s p o r t  fe rr ich ro m e  and i t s  
s e n s i t i v i t y  to a group o f  l e t h a l  agen ts  in c lu d in g  c o l i c i n  M, 
albom ycin and b a c te r io p h a g e s  T l ,  T5 and <j> 80 was l in k e d  to  a 
s i n g l e  gene, namely, tonA (fhuA). A s i m i la r  c o r r e l a t i o n  between 
a e r o b a c t in  tra n p s o r t  and s e n s i t i v i t y  to  c lo a c i n ,  a b a c t e r i o c i n  
produced by Enterobacter cloacae was e s t a b l i s h e d ,  (Van 
T ie l-M en kveld , 1982), thus pa v in g  the way f o r  c lo n in g  the 
a e r o b a c t in  operon by sc re e n in g  f o r  a c q u ire d  s e n s i t i v i t y  to  
c l o a c i n  (B in d e r e i f  and N e ila n d s ,  1983). A p lasm id , 
pColV-K30, approxim ately  lOOkb in  le n g th  was i s o l a t e d  and 
d ig e s t e d  w ith  Hind I I I .  The r e s u l t i n g  fragm ents were l i g a t e d  
in to  the  Hind I I I  s i t e  o f  the m u ltico p y  v e c t o r  pGL102. Two 
recombinant p lasm ids, pABNl and pABN5 were o b ta in e d  and found 
to  harbour, r e s p e c t i v e l y ,  the  com plete b i o s y n t h e s i s  p lu s  
t r a n s p o r t  genes(pABNl) and o n ly  the  b i o s y n t h e t ic  genes f o r  
a e r o b a c t in .  The plasm id, pABN5, a subclone o f  pABNl was 
g e n era te d  by s p l i t t i n g  the l a r g e r  i n s e r t  w ith  EcoRl. I t  seemed 
l i k e l y  th e r e fo r e  th a t  the  i c o R l  s i t e  occured  in  the  r e c e p to r
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gene and t h a t  the e n t i r e  a e r o b a c t in  b i o s y n t h e s i s  and t r a n p s o r t  
complex was packaged on n o t  mote than  7 - 8 kb o f  DNA. Both 
p lasm id s a l s o  con ta in ed  the main i r o n - r e g u l a t e d  elem ent.
S e v e r a l  y e a r s  o f  e xp erim en ta tio n  had to  be c a r r i e d  o u t in  ord er  
to  s o r t  out the  v a r io u s  b i o s y n t h e t i c  genes and to  a s s ig n  a 
fu n c t io n  to  e a c h . I t  was e s t a b l i s h e d  t h a t  th e  b io s y n t h e s i s  o f  
a e r o b a c t in  should  re q u ire  a minimum o f  th r e e  s te p s  s t a r t i n g  
from l y s i n e  and c i t r a t e  ( F ig .  1 . 9 )  and in v o lv e  n o t  l e s s  than 
t h i s  number o f  p r o t e in s .
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P re lim in a ry  a n a l y s i s  by SDS-PAGE o f  p o ly p e p t id e s  g e n e ra te d  in  
m i n i c e l l  p r e p a r a t io n s  r e v e a le d  the p re se n c e  o f  74kDa, 63kDa, 
53kDa and 33kDa bands ( B in d e r e i f  e t  al. , 1983). The genes were 
d e s ig n a te d  in  l i n e a r  ord er  a s ,  iucA, iucB, iucD, and iutA, iuc 
and iut r e f e r r i n g  to  i r o n  uptake c h e la t e  and i r o n  uptake 
tr a n s p o r t ,  r e s p e c t i v e l y .  The 74kDa p r o t e in  was the o u te r  
membrane r e c e p to r  and enzyme a ssa y s  i d e n t i f i e d  the 33kDa 
p r o t e in  as the a c e t y l a s e  (de Lorenzo et al. , 1986). The 53kDa 
band was a ss ig n e d  th e  fu n c t io n  o f  the oxygenase (Gross et al., 
1985) . The 63kDa band was i d e n t i f i e d  as the  a su b u n it  o f  the 
sy n th e ta se ,  w h ile  a 62kDa band, (the prod uct o f  th e  iucC gene), 
long obscured by the s t r o n g ly  e xp re sse d  63kDa band, was 
i d e n i t i f i e d  as the  /3 su b u n it  (de Lorenzo and N e i la n d s , 1986). 
F i g . ( 1 .1 0  ) shows the o r g a n iz a t io n  o f  the pColV-K30 a e r o b a c t in  
gene system.
I S l  p lP 2  iu o A  iu c B  iu cC  iu cD  iu t A  IS 1
I I 1 1 1  I I  I 1
63K 33K 62K 53K 74K
1--------------------------------------------------- pC o lV -K 3 0 --------------------------------------------------------------------- -------
63K = S y n th e ta s e  ( s u b u n i t  CO
33K = A c e ty la s e
62K = S y n th e ta s e  ( s u b u n i t  /3 )
53K = Oxygenase 
74K = R e c e p to r
Examination o f  the sequences f la n k in g  the ir o n  u ptake  r e g io n  o f  
pColV-K30 r e v e a le d  the presence o f  r e p e a te d  sequences 
homologous to  IS I  and, in  a d d it io n ,  two r e p l i c a t i o n  re g io n s  
were a ls o  found a t  both  ends o f  the  a e r o b a c t in  i r o n  uptake 
re g io n .  These s t u d ie s  were c a r r i e d  out in  an e f f o r t  to 
understand the l o c a t i o n  o f  the a e r o b a c t in  system , n o t  o n ly  on 
ColV -type p lasm ids b u t  a l s o  i t s  lo c a t io n ,  i n  the m a jo r i t y  o f  
E.coli K1 s t r a i n s  a s s o c i a t e d  w ith  human n e o n a ta l  i n f e c t i o n s ,  on
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the b a c t e r i a l  chromosome (Valvano and Crosa, 1984; Valvano e t  
al., 1986). Some s p e c ie s  o f  Shigella such as S.flexneri and 
S.boydii a ls o  p o sse ss  a chromosome m ediated a e r o b a c t in  system 
(Lawlor and Payne, 1984). Plasm ids o th e r  than ColV-K30 were 
a ls o  re p o rte d  to  p o s s e s s  a e r o b a c t in  sequences, i . e . ,  pRJIOO 
( S tu a r t  e t  al., 1980) and ColV-K311 (Braun et al., 1983) in  
E.coli, pSMNl in  Enterobacter aerogenes and pSMN2 and pSMN3 in  
Salmonella arizona (McDougall and N e i la n d s , 1984). The
a e r o b a c t in  re g io n s  appear to  be h i g h l y  co n served  in  th e se  
genomes, promting the s u g g e s t io n  th a t  the  a e r o b a c t in  genes may 
be h i g h ly  m obile as a re co m b in a tio n a l u n i t ,  and th e y  may have 
i n t e g r a t e d  a t  d i f f e r e n t  s i t e s  in  v a r io u s  genomes ( P e r e z - c a s a l  
and Crosa, 1984). In 1979, in v e r t e d  IS 1  sequences were re p o rte d  
to  f la n k  the gene f o r  the  h e a t - s t a b l e  e n te r o to x in ,  an im portant 
v i r u le n c e  f a c t o r  th a t  has spread  to  v a r io u s  m e d ic a l ly  im portant 
microorganisms (So et al., 19 7 9 ). In t h i s  ca se  the whole u n i t ,  
h e a t - s t a b le  e n te r o to x in  genes to g e th e r  w ith  the f la n k i n g  IS1 
e lem ents, was shown to have t r a n s p o s i t i o n  a b i l i t y .  A lthough 
t h i s  has not been dem onstrated f o r  the  a e r o b a c t in  r e g io n ,  th e re  
i s  p o t e n t i a l  f o r  such an a c t i v i t y ,  s in c e  the IS elem ents 
f la n k in g  the r e g io n  are  them selves ca p a b le  o f  t r a n s p o s i t i o n .  
Another p o s s i b i l i t y  i s  t h a t  th e  p resen ce  o f  IS 1  elem ents co u ld  
enhance the a b i l i t y  o f  the  a e r o b a c t in  re g io n  to  recombine by 
homologous recom bination v i a  the IS e lem en ts, w ith  genomes th a t  
a ls o  p o sse ss  IS1  sequences. This h y p o th e s is  i s  s tre n g th e n e d  by 
the  f in d in g  t h a t  in  an E.coli K1 s t r a i n  i s o l a t e d  from a c a se  o f  
human n eo n atal m e n in g it is ,  the a e r o b a c t in  re g io n s  a re  lo c a t e d  
on a 10.5kb chromosomal Hind I I I  fragm ent th a t  a l s o  c a r r i e s  
I S l - l i k e  elements (Valvano and Crosa, 1984). The REP1 and REP11 
r e p l i c a t i o n  re g io n s  t h a t  f la n k  the a e r o b a c t in  system sequences 
may c o n tr ib u te  to  t h e i r  c o n s e r v a t io n  s in c e  re co m b in a tio n al 
e ve n ts  t h a t  conserve one o f  th e se  r e p l i c a t i o n  re g io n s  may a ls o  
le a v e  i n t a c t  the a e r o b a c t in  system , e s p e c i a l l y  in  d e l e t i o n  or 
i n s e r t i o n  events  in  which new plasm ids are  g e n era te d . The 
com bination o f  r e p l i c a t i o n  re g io n s  and i n s e r t i o n  sequences 
a d ja c e n t  to the a e r o b a c t in  sequences may have p la y e d  a r o l e  in  
t h e i r  p r e s e r v a t io n  d urin g  e v o lu t io n  and may have c o n tr ib u te d  to
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t h e i r  spread.
1.4.5. Regulation of the aerobactln operon of pColV-K30.
The promoter r e g io n  o f  the pColV-K30 encoded operon was lo c a t e d  
by SI n u c le a se  mapping and shown to  have two s t a r t  s i t e s ,  a 
s tr o n g  one d e te c te d  both in vivo and in  vitro and l a b e l l e d  PI 
and a weaker one, d e s ig n a te d  P2, o n ly  d e te c te d  in  vitro and 
lo c a t e d  about 50bp fu r t h e r  upstream ( B in d e r e i f  and N e ila n d s,
1985) . To confirm  th a t  t h i s  promoter r e g io n  was the s i t e  o f  
r e g u la t io n  by ir o n ,  a p r o t e in  fu s io n  was prepared  in  which 
lacZ, minus i t s  promoter, was l i g a t e d  to  iucA . The r e s u l t i n g  
p r o t e i n  fu s io n  was found to  induce th e  e x p r e s s io n  o f  
/ 3 -g a la cto s id a se  to  a l e v e l  o f  about 1,200 u n i t s  per  absorbancy 
u n i t s  a t  600nm when the c e l l s  were d e p resse d  by a d d ito n  o f  
e x c e s s  b i p y r i d y l  to  scavenge i r o n .  The r e l a t i v e  s t r e n g th  o f  the  
a e r o b a c t in  promoter enabled a p p l i c a t i o n  o f  a n o ve l q u a n t i t a t i v e  
SI n u c le a se  p r o t e c t io n  a ss a y  to  pro ve  t h a t  r e g u la t io n  occu rs a t  
the  t r a n s c r i p t i o n a l  l e v e l .  The promoter was l o c a l i z e d  to  a
0.7kb Hind I I I  - Sail fragm ent b y  in vitro t r a n s c r i p t i o n .
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T o t a l  RNA was i s o l a t e d  from E.coli BN3040 Nalr (pColV-K30), 
which c a r r i e s  the  a e r o b a c t in  gene complex in  a s i n g l e  copy per  
c e l l ,  a f t e r  growth in  i r o n  r e p l e t e ,  i r o n  l i m i t e d  and ir o n  
s ta r v e d  c o n d it io n s .  The t o t a l  RNA was used in  an SI n u c le a se  
a s s a y  w ith  the s i n g le - s t r a n d e d  0 . 7kb Hind I I I  - S a i l  probe 5' 
e n d - la b e le d  a t  the Sail s i t e .  The p ro d u cts  o f  the SI n u c le a se  
d i g e s t  were a n a lysed  on d en atu rin g  g e l s .  Under ir o n  r e p le t e  
c o n d it io n s ,  no s p e c i f i c  RNA i n i t i a t e d  a t  the major promoter 
co u ld  be d e te c te d  and under i r o n - l i m i t i n g  c o n d it io n s  a v e r y  low 
l e v e l  o f  s p e c i f i c  RNA e x i s t e d  w h ile  under ir o n  s ta r v e d  
c o n d it io n s  the  l e v e l  o f  t r a n s c r i p t s  in c r e a s e d  by more than 
10 - f o l d ,  p ro v in g  d i r e c t l y  th a t  the l e v e l s  o f  RNA i n i t i a t e d  a t  
the  major promoter are  r e g u la te d  by ir o n .
In  1987, de Lorenzo et al., c a r r i e d  out work to d e f in e  the  
s m a l le s t  r e g io n  o f  the a e r o b a c t in  promoter cap able  o f  i r o n  
r e g u la t i o n  o f  an iu c A '-'lacZ gene fu s io n  and to  d e t e c t  the 
a c t u a l  c o n ta c t  o f  the  o p e ra to r  sequences w ith  the Fur p r o t e in  
i n  the p resen ce  o f  a number o f  d iv a le n t  heavy-m eta l c a t io n s .
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A n a ly s is  o f  a c o l l e c t i o n  o f  gene f u s io n s  l i n k e d  to  Ba.131
d e le t io n s  through the promoter r e g io n  l i m i t e d  the p u ta t iv e
r e g u la t o r y  sequences to  a 78bp i n s e r t  o f  pColV-K30 in  pDB37. In
2+ 2+the p resen ce  o f  a number o f  d iv a le n t  h e a vy  m e ta ls  (Mn , Fe ,
2+ 2+ 2+ 2+Co , Cu , Cd and p a r t i a l l y  w ith  Zn ) , Fur b in d s p r im a r i ly
to  a DNA sequence o f  31bp w ith in  th e  prom oter r e g io n .  The
absence o f  d iv a le n t  m etals  r e s u l t s  in  a dram atic  d e cre a se  in
the DNA-binding a b i l i t y  o f  the r e p r e s s o r .  A lth ough a l l  the
m etals  assayed  a c t i v a t e d  the r e p r e s s o r ,  th e  e f f e c t s  were not
e q u iv a le n t .  The r e s u l t s  w ith  Mn, Fe and Co were c l e a r - c u t  and
in d ic a te d  t h a t  any o f  th ese  could  r e p r e s s  the  e x p r e s s io n  o f  the
^ - g a la c t o s id a s e  gene p la c e d  under c o n t r o l  o f  the  ir o n -s e n s in g
a e r o b a c t in  prom oter. Other m etals  gave ambiguous r e s u l t s .  The
r e s u l t s  w ith  i r o n  were on ly  observed  when oxygen was excluded
thus i n d ic a t in g  t h a t  ir o n  i s  the b io m e ta l  in v o lv e d  in  the
r e g u la t io n .  DNasel f o o t p r in t s  r e v e a l e d  t h a t  the  upstream
boundary o f  the p r o te c te d  r e g io n  i s  j u s t  2bp downstream from
the s t a r t  o f  the  i n s e r t  sequence i n  the s m a l le s t  plasm id
d e le t i o n  (pDB37) which showed iro n  c o n t r o l  o f  the  correspond ing
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gene fu s io n .  The experim ents d e s c r ib e d  dem onstrate th a t  Fur i s
a DNA-binding p r o t e in  and th a t  i t  r e q u ir e s  a d iv a le n t
heavy-m etal io n  as an a c t i v a t o r .  Fur i s  a n e g a t iv e  r e g u la t o r  o f
2+e x p re ss io n  and i t  i s  a r e p r e s s o r  which b ind s Fe as 
c o r e p r e s s o r .
1 .4 .6  Independence o f  the  a e r o b a c t in  and e n te r o b a c t in
ir o n  uptake systems in  E.coli.
As mentioned p r e v i o u s ly ,  many s t r a i n s  o f  E.coli i s o l a t e d  from
e x t r a i n t e s t i n a l  i n f e c t i o n s  o f  humans and dom estic  animals are
a b le  to  s y n th e s iz e  two s id e r o p h o r e s , a e r o b a c t in  and
e n te r o b a c t in .  A lthough a e ro b a c t in  has a d r a m a t ic a l ly  lower
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a f f i n i t y  f o r  ir o n  than e n te r o b a c t in  (10 and 10
r e s p e c t i v e l y ) , i t  has been shown to  p ro v id e  a s i g n i f i c a n t  
s e l e c t i v e  advantage f o r  b a c t e r i a l  growth in  c o n d it io n s  o f  iron  
l i m i t a t i o n  t h a t  e x i s t  in  the  body f l u i d s  and t i s s u e s  o f  an
i n f e c t e d  animal due to the p resen ce  o f  the  ir o n  b ind ing
g ly c o p r o te in s  t r a n s f e r r i n  in  serum and l a c t o f e r r i n  in
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s e c r e t i o n s .
Using as a probe, the  antitumour a g en t,  s t r e p t o n i g r i n ,  which i s  
b a c t e r i c i d a l  in  the  p resen ce  o f  iro n ,  W ill ia m s and C a rb o n e tt i  
(1986) determ ined l e v e l s  o f  i n t r a c e l l u l a r  i r o n  d urin g  b a c t e r i a l  
growth promoted b y  the two s id e r o p h o r e s . A s t r a i n  producing 
on ly  e n te r o b a c t in  remained s e n s i t i v e  to  s t r e p t o n i g r i n ,  
su g g e st in g  t h a t  a s s im i la t e d  ir o n  was c o n tr ib u te d  to  an 
i n t r a c e l l u l a r  p o o l ,  w h ile  a s t r a i n  s y n t h e s iz i n g  o n ly  a e r o b a c t in  
became r e s i s t a n t  to  s t r e p t o n i g r in ,  i n d i c a t i n g  t h a t  ir o n  
complexed w ith  a e r o b a c t in  may be c h a n e l le d  d i r e c t l y  to  where i t  
i s  re q u ire d  f o r  growth thus making i t  u n a v a i la b le  to 
s t r e p t o n i g r in .  These r e s u l t s  su g g e st  t h a t  w ith  a e r o b a c t in  th e re  
i s  a more e f f i c i e n t  u t i l i z a t i o n  o f  th e  i r o n  a s s im i la t e d .  
Another reaso n  p u t forw ard  re g a rd in g  the  s e l e c t i v e  advantage 
co n fe rre d  on s t r a i n s  producing a e r o b a c t in  i s  t h a t  a e r o b a c t in  i s  
more e f f e c t i v e  than e n te r o b a c t in  a t  v e r y  low c o n c e n tra t io n s  o f  
s id ero p h o re. T h is  i s  l i k e l y  to be an advantage in  the f l u i d  
environments o f  th e  b loodstream  and the u r i n a r y  t r a c t  in  which 
any e x t r a c e l l u l a r  b a c t e r i a l  prod uct w i l l  be c o n t in u a l ly  
d i lu t e d .  This d i f f e r e n c e  between the two s id e ro p h o re s  may be 
due to  the f a c t  t h a t  w h ile  e n te r o b a c t in  i s  e n z y m a t ic a l ly  
degraded d u rin g  i n t r a c e l l u l a r  r e le a s e  o f  f e r r i c  ions and 
th e r e fo r e  w asted  (Rosenberg and Young, 19 7 4 ) ,  i r o n  i s  more 
r e a d i l y  r e le a s e d  from a e r o b a c t in  and the s id e ro p h o re  may 
subsequ en tly  be r e s e c r e t e d  (Braun et al., 1984). W illiam s and 
C a rb o n e tti  (1986) a l s o  su g g e st  th a t  the r e l a t i v e  s t r e p t o n i g r i n  
r e s i s t a n c e  o f  a s t r a i n  th a t  i s  a b le  to  s y n th e s iz e  both 
a e ro b a c t in  and e n te r o b a c t in  growing in  the p resen ce  o f  
t r a n s f e r r i n  and l a c t o f e r r i n  a t  o n ly  p a r t i a l  i r o n  s a t u r a t io n ,  
in d ic a te s  t h a t  a e r o b a c t in  i s  p r e f e r e n t i a l l y  a c t i v e  in  
c o n d it io n s  o f  i r o n  s t r e s s .  I t  was found t h a t  o n ly  in  c o n d it io n s  
o f  extreme s t r e s s  imposed by the p resen ce  o f  a, a ' - d i p y r i d y l  a t  
a c o n c e n tra t io n  o f  50^M or g r e a t e r  was s i g n i f i c a n t  a c t i v i t y  o f  
the e n te r o b a c t in  system apparent. This may r e f l e c t  d i f f e r e n c e s  
in  g e n e t ic  and r e g u la t o r y  co m p lex ity .  I t  has been su g g e ste d  
th a t  the g e n e t i c  d eterm inants o f  a e r o b a c t in  b i o s y n t h e s i s  and 
uptake are  e x p re s s e d  more r e a d i l y  than those  o f  e n te r o b a c t in  in
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response to  iro n  l i m i t a t i o n .  In  1979 work c a r r i e d  o u t by 
W illiam s showed th a t  in  a mutant s t r a i n  o f  E.coli K -12 , AN1937, 
d e f i c i e n t  in  e n te r o b a c t in  b i o s y n t h e s is  b u t  c a r r y i n g  the  ColV 
plasm id, the o u te r  membrane p r o te in s  c h a r a c t e r i s t i c a l l y  induced 
in  c o n d it io n  o f  ir o n  s t r e s s  are  re p r e s s e d .  This im p lie s  th a t  
sy n th e s is  o f  adequate l e v e l s  o f  a e r o b a c t in  to  m a in ta in  maximal 
growth i s  p o s s i b le  even when o th e r  i r o n - r e g u la t e d  gene 
e x p re ss io n  i s  re p re s s e d .
In a study c a r r i e d  out in  1982 by S t u a r t  et al., where 476 
s t r a i n s  o f  E.coli i s o l a t e d  from humans, p i g s ,  c a t t l e ,  p o u l t r y ,  
p o ta b le  w a te r ,  or e f f l u e n t  were examined f o r  lo w - ir o n  induced 
a b i l i t y  to  produce hydroxam ate, (Hyd), i t  was conclud ed  t h a t  
the a b i l i t y  to  c a r r y  out hydroxam ate-m ediated t r a n s p o r t  o f  i r o n  
i s  w id e ly  d i s t r i b u t e d  among n a t u r a l  i s o l a t e s  o f  E.coli b u t  t h a t  
the  d i s t r i b u t i o n  i s  n o t  random. E.coli i s o l a t e d  from so u rces  
where l e v e l s  o f  a v a i l a b l e  ir o n  might be e x p e cte d  to  be low tend 
to  be Hyd+. One such source  i s  the fa e c e s  o f  b r e a s t  fe d  b a b ie s .  
E.coli i s o l a t e d  from t h i s  source  tended to  be Hyd+ and t h i s  i s  
c o n s is t e n t  w ith  the v ie w  th a t  ir o n  p r e s e n t  in  b r e a s t  m ilk  i si
not r e a d i l y  a v a i l a b l e .  In  c o n t r a s t ,  the low p ro p o rt io n  o f  Hyd 
s t r a i n s  among the i s o l a t e s  from p o ta b le  w ater and e f f l u e n t  
su g g e sts  th a t  m on ito rin g  o f  the Hyd+ phenotype can p ro v id e  a 
u s e fu l  in d ic a t o r  o f  the a v a i l a b i l i t y  o f  i r o n  f o r  m ic r o b ia l  
growth in  a p a r t i c u l a r  s i t u a t i o n .  F i n a l l y ,  in  t h i s  s tu d y ,  a 
s i g n i f i c a n t  d i f f e r e n c e  was observed  between the p r o p o r t io n  o f  
Hyd+ among Col+ and Hyd+ among Col E.coli i s o l a t e d  from human 
b acterem ia. A e ro b a c t in ,  t h e r e f o r e ,  i s  e s t a b l i s h e d  as a 
v i r u le n c e  determ inant and as an e f f e c t i v e  c h e la t o r  o f  i r o n  
su rp a ss in g  the e n te ro b a c tin -d e p e n d e n t  system w ith  re g a rd  to  
su p p ly in g  s u f f i c i e n t  ir o n  to  E.coli c e l l s  growing i n  animal 
f l u i d s .
1 . 5 .  Siderophores and v i r u le n c e .
B a c t e r i a l  p a t h o g e n ic i t y  i s  the  r e s u l t  o f  many param eters 
working to g e th e r  to  e s t a b l i s h  the pathogen i n  the  h o s t  
v e r t e b r a t e  such a s ,  b a c t e r i a l  attachm ent, i n h i b i t i o n  o f  
p h a g o c y to s is ,  complement-dependent b a c t e r i a l  k i l l i n g  and t o x in
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p ro d u ctio n , to  mention a few ( E l l w e l l  and S h ip le y ,  1980). 
However v i r u le n c e  can o n ly  be p o s s i b l e  once an organism has 
e s t a b l i s h e d  growth, e s p e c i a l l y  i n  i n v a s i v e  type i n f e c t i o n s  such 
as th o se  r e s u l t i n g  in  s e p s is ,  where th e  in va d in g  m icroorganism  
must reach  r e l a t i v e l y  h igh  c o n c e n t r a t io n s  in  body f l u i d s  and 
t i s s u e s .  B a c t e r i a l  growth depends on th e  a b i l i t y  to  a c q u ir e  
iro n  which i s  n o t r e a d i l y  a v a i l a b l e  in  the h o s t  v e r t e b r a t e  
s in c e  i t  i s  complexed to  h ig h  a f f i n i t y  ir o n -b in d in g  p r o t e in s .  
The p o s s e s s io n  o f  s p e c i a l i z e d  ir o n  t r a n s p o r t  systems may be 
c r u c i a l  f o r  b a c t e r i a  to  o v e r r id e  th e  i r o n  l i m i t a t i o n  imposed by 
the  h o s t .
The plasm id encoded pColV-K30 m ediated  i r o n  tr a n s p o r t  system  o f  
E.coli has a lr e a d y  been d is c u s s e d .  In the f i s h  pathogen, Vibrio 
anguillarum, the ir o n  tr a n s p o r t  system  i s  a ls o  plasm id encoded. 
Vibrio anguillarum causes v i b r i o s i s ,  a v e r y  s e r io u s  i n f e c t i o u s  
d is e a s e  a f f e c t i n g  marine f i s h  c h a r a c t e r i z e d  as a haem orrhagic 
s e p t ic e m ia .  I t  was determined t h a t  th e  h ig h  v i r u le n c e  phenotype 
o f  many s t r a i n s  o f  V. anguillarum c o u ld  be a s c r ib e d  to  the 
p resen ce  o f  a 65kb plasm id d e s ig n a te d  pJMl, the r e p r e s e n t a t iv e  
p lasm id  having been i s o l a t e d  from V. anguillarum 775 (Crosa et 
al. , 1977, 1980). This p lasm id  was shown to  code f o r  a v e r y  
e f f i c i e n t  iro n -u p tak e  system t h a t  p e rm its  b a c t e r i a  to  grow 
under i r o n - r e s t r i c t e d  c o n d it io n s  (C ro sa, 1980). The ir o n  uptake 
system was a n a ly se d  u s in g  m utations caused by the tran sp oso n  
Tnl (W alter and Crosa, 1983). Two p lasm id-m ediated  components 
in v o lv e d  in  the  p ro ce ss  o f  i r o n  uptake in  V. anguillarum were 
d e f in e d ,  a sid ero p h o re  and i t s  co gn ate  r e c e p to r  f o r  the uptake 
o f  the iro n  s id ero p h o re  complex. Tnl induced mutants e x h i b i t i n g  
a s id e ro p h o re -n e g a t iv e  r e c e p t o r - p o s i t i v e  phenotype were 
i d e n t i f i e d  as p o s s e s s in g  i n s e r t i o n s  i n  a 19.9kb BamRI fragm ent. 
A d e le t i o n  a f f e c t i n g  p o r t io n s  o f  t h i s  fragment r e s u l t e d  in  a 
s id e ro p h o re -n e g a t iv e  r e c e p t o r - n e g a t i v e  phenotype. U n t i l  1985 i t  
was not known whether the r e c e p t o r  0M2 was a c t u a l l y  encoded by 
the pJMl p lasm id  or i f  i t  was a chromosomal product r e g u la t e d  
by a plasm id s p e c i f i c  su b sta n c e .  Work was c a r r i e d  out by A c t i s  
e t  al., in  1985, whereby pJMl DNA fragm ents were c lo n e d  in to  
cosmid v e c t o r s  and t r a n s f e r r e d  to  E.coli. They showed t h a t  the
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0M2 p r o t e in  was sy n th e s iz e d  in  E.coli, d em onstratin g  t h a t  i t  
was in  f a c t  encoded by pJMl. 0M2 has a s i z e  o f  86 k i lo d a l t o n s  
and i t  i s  in d u c ib le  under c o n d it io n s  o f  i r o n  l i m i t a t i o n .  The 
recombinant p lasm ids were m o b il iz e d  to  a p la s m id le s s  s t r a i n  o f  
V. anguillarum, H775-3, v i a  the p la sm id  pRK2013. I t  was found 
th a t  r e c e p t o r  a c t i v i t y  and i r o n - r e g u la t e d  0M2 s y n t h e s is  i s  
re co v e re d  upon the in tr o d u c t io n  o f  pJHC-T7 ( F i g . 1 . 1 1 ) .  This i s  
no t  the  ca se  w ith  pJHC-AlOO which codes f o r  a p r o t e in  t h a t  i s  
im m un o lo gica lly  and e l e c t r o p h o r e t i c a l l y  i n d is t in g u i s h a b le  from 
0M2 b u t  Is  no lo n g e r  under i r o n  r e g u l a t i o n .  One p o s s i b le  
e x p la n a t io n  i s  t h a t ,  in  a d d it io n  to  the  0M2 p r o t e in ,  another 
product encoded in  the PJMl DNA in c lu d e d  in  pJHC-T7 b u t absent 
from pJHC-AlOO i s  n e c e s sa ry  f o r  i r o n  t r a n s p o r t .  The requirem ent 
o f  a t  l e a s t  two genes f o r  f u n c t i o n a l  i r o n  t r a n s p o r t  i s  not 
unusual and has been d e sc r ib e d  f o r  o th e r  i r o n  uptake system s.
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Trans a c t in g  f a c t o r :  Vibrio anguillarum s t r a i n s  harbouring
recombinant c lo n e s  c o n ta in in g  the  pJMl ir o n  uptake r e g io n  
produce normal l e v e l s  o f  s id ero p h o re  a c t i v i t y  and are  iro n  
uptake p r o f i c i e n t  o n ly  i f  th ey  c a r r y ,  in  a d d it io n ,  another pJMl 
plasm id d e r i v a t i v e  such as pJHC-9-8, in  which the i r o n  uptake 
re g io n  has been d e le te d  (Tolmasky and Crosa, 1984). I t  was 
apparent, t h e r e f o r e ,  th a t  a pJMl r e g io n  o th e r  than the iro n  
uptake sequences encoded a t r a n s - a c t i n g  f a c t o r  r e q u ir e d  f o r  
f u l l  e x p r e s s io n  o f  the pJMl system . Work c a r r i e d  out by 
Tolmaksy et al.(1988), gave fu r t h e r  e v id e n c e  f o r  the e x is te n c e  
o f  a t r a n s - a c t i n g  f a c t o r .  By c lo n in g  s p e c i f i c  re g io n s  o f  pJMl, 
recombinant p lasm ids were o b ta in e d  c a r r y in g  the g e n e t ic
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determ inants f o r  the T a f ( tra n s  a c t in g  f a c t o r ) .  Q u a n t ita t io n  o f  
a n g u ib a c tin  ( th e  sid ero p h o re  o f  V. anguillarum) p ro d u c t io n  by 
b io a s sa y s  and a n a ly s is  by sp e c tro p h o to m e tr ic  procedures 
supported the  id e a  th a t  the T af fu n c t io n s  as a trans a c t i v a t o r  
f o r  s id ero p h o re  b io s y n t h e s i s .  C u ltu re  s u p e rn a ta n ts  from s t r a i n s  
c a r r y in g  the i r o n  uptake c lo n e  pJHC-T7 e i t h e r  a lo n e  or w ith  
pJHC-T6.14 which c a r r i e s  the c lo n e d  T a f  g e n es , were s u b je c te d  
to the procedure f o r  a n g u ib a c tin  p u r i f i c a t i o n .  In b i o a s s a y s ,  i t  
was shown t h a t  th e  l e v e l s  o f  a n g u ib a c t in  a c t i v i t y  were 20- f o l d  
lower when th e  T a f  g e n e t ic  d eterm inants were n o t  p r e s e n t .  I t  i s  
l i k e l y  th a t  r e g u la t io n  o f  a n g u ib a c t in  gene e x p r e s s io n  by the 
tra n s  a c t i v a t o r  i s  a t  the t r a n s c r i p t i o n a l  l e v e l  b u t  f u r t h e r  
c h a r a c t e r i z a t i o n  i s  needed to  determ ine the m o le cu la r  nature  
and p r e c is e  s i t e  o f  a c t io n .  This i s  th e  f i r s t  r e p o r t  o f  a trans 
a c t i v a t o r  f o r  p r o c a r y o t ic  iro n  uptake v i a  s t i m u la t i o n  o f  the 
sid erop hore  b i o s y n t h e t i c  genes.
That the s id e ro p h o re ,  a n g u ib a c tin ,  which has been shown to  be a 
c a te c h o l ,  ( A c t i s  et al., 1986), i s  produced in vivo was
demonstrated by complementation experim ents (Wolf and Crosa,I
1986). Complementation was o b ta in e d  in  vivo o f  an i r o n  uptake 
d e f i c i e n t  mutant o f  V . anguillarum by e s t a b l i s h i n g  exp erim en ta l 
in f e c t i o n s  w ith  m ixtures o f  t h i s  mutant and a w i ld  type V. 
anguillarum s t r a i n  th a t  i s  i r o n  uptake p r o f i c i e n t  and produces 
s id ero p h o re. The r e s u l t s  o f  the mixed i n f e c t i o n s  i n d ic a t e d  th a t  
both the w i ld  type s t r a i n  as w e l l  as the mutant co u ld  be 
re co v ere d  from moribund f i s h .  R e s u lts  o b ta in e d  w ith  m ixtu res  o f  
the w i ld  typ e  s t r a i n  w ith  a mutant d e f i c i e n t  in  both 
siderophore and r e c e p to r  a c t i v i t y  i n d ic a t e d  t h a t  o n ly  the w i ld  
type b a c t e r i a  co u ld  be re co v e re d . Thus i t  appears t h a t  the 
sid erop hore  a n g u ib a c t in  i s  produced in  vivo and s e c r e t e d  to  the 
f i s h  f l u i d s  to  scavenge the ir o n  from ir o n - b in d in g  p r o t e in s .
In a s i t u a t i o n  s i m i la r  to E.coli i t  has been dem onstrated th a t  
c e r t a i n  v i r u l e n t  s t r a i n s  o f  V .anguillarum t h a t  do n o t  p o ss e ss  a 
p J M l- lik e  p lasm id  a re  ir o n  p r o f i c i e n t  and p o s s e s s  chromosomal 
DNA sequences homologous to  pJMl p lasm id  DNA sequences (Toranzo 
et al. , 1983). T his m o b i l i t y  o f  p lasm id  DNA i s  s i m i l a r  to  th a t  
found w ith  the pColV-K30 r e g io n  a lr e a d y  d is c u s s e d .
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A new ir o n  uptake system was r e c e n t l y  d e s c r ib e d  i n  c e r t a i n  
p athogenic  s t r a i n s  o f  V .anguillarum (Lemos et al . , 1 9 8 8 ) .This 
system i s  chromosomally encoded and d i f f e r s  from th e  p lasm id  
encoded a n g u ib a c tin -m e d ia ted  system in  s e v e r a l  p r o p e r t i e s .  
A n g u ib a ctin  i s  not u t i l i s e d  as an e x t e r n a l  s id e ro p h o re  and 
a lthough c h a r a c t e r i s t i c  o u te r  membrane p r o te in s  a re  s y n th e s is e d  
under ir o n  d e f i c i e n t  c o n d it io n s ,  th e y  are  not r e l a t e d  to  0M2. 
The sid ero p h o re  produced by th e s e  p la s m id le s s  s t r a i n s  may be 
f u n c t i o n a l ly  r e l a t e d  to  e n te r o b a c t in ,  as dem onstrated in  
b io a s s a y s  w ith  e n te r o b a c t in  d e f i c i e n t  m u tan ts, a lth o u g h  i t s  
behaviour in  chem ical treatm en ts  s u g g e s t  t h a t  i t  i s  d i f f e r e n t .  
G en etic  and b io c h e m ic a l c h a r a c t e r i s a t i o n  o f  t h i s  system  has to 
be completed in  ord er  to  a s s e s s  the r e l a t i o n s h i p  to  both  the 
e n te ro b a c t in -  and the a n g u ib a c tin -m e d ia ted  system s as w e l l  as 
i t s  r o le  in  p a t h o g e n ic i t y .
Examination o f  o th e r  Vibrio s p e c ie s  has shown th a t  a v a r i e t y  o f  
s id ero p h o res are  produced by th e s e  b a c t e r i a ,  a lth o u g h  o n ly  one 
o f  th ese  compounds, v i b r i o b a c t i n ,  has been p u r i f i e d  and i t s  
s t r u c t u r e  determ ined ( G r i f f i t h s  et al., 1984). In  Vibrio 
cholerae, the s y n th e s is  and t r a n s p o r t  o f  v i b r i o b a c t i n  does not 
appear to be e s s e n t i a l  f o r  v i r u le n c e  ( S i g e l  et al., 1984). 
V. cholerae i s  a s u r fa c e  pathogen which cau ses d is e a s e  by 
b in d in g  to the brush bo rd er  o f  th e  sm all i n t e s t i n e  and 
producing a p o te n t  e n te r o to x in .  I t  i s  p o s s i b le  t h a t  V .cholerae 
i s  a b le  to o b ta in  s u f f i c i e n t  ir o n  in  the sm all i n t e s t i n e  and 
does n o t  r e q u ir e  i t s  h ig h  a f f i n i t y  system. The i r o n  t r a n s p o r t  
system may be more im portant f o r  the s u r i v a l  o f  v i b r i o s  between 
h o s ts .  The r o l e  o f  s id e ro p h o re s  in  v i r u le n c e  o f  o th e r  v i b r i o  
s p e c ie s  has n o t  been determ ined, a lthough those  v i b r i o s  which 
cause more i n v a s i v e  d is e a s e s  than c h o le r a  are  l i k e l y  to  re q u ir e  
e i t h e r  s id e ro p h o res  or o th e r  s p e c i f i c  systems f o r  u s in g  h o st  
iro n  so u rce s.
The r o le  o f  i r o n  t r a n s p o r t  systems i s  l e s s  c l e a r  when the 
pathogens are  n o n - in v a s iv e  or predom inantly i n t r a c e l l u l a r .  
S tu d ies  on Salmonella typhimurium, which produces th e  ph en olate  
s id erop hore  e n te r o b a c t in ,  have shown th a t  the s id e ro p h o re  i s  
not e s s e n t i a l  f o r  v i r u le n c e  o f  t h i s  i n t r a c e l l u l a r  pathogen in
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mice (Benjamin e t  al., 198 5). S i m i l a r l y ,  n e i t h e r  Yersinia 
pest is nor Legionella pneumophila appear to  produce 
s id e r o p h o r e s , b u t both are  p a th o g e n ic  (P e rry  and B ru b a k er ,1979; 
Reeves et al . ,  1983). This s u g g e s ts  t h a t  mechanisms o th e r  than 
sid e ro p h o res  may be a s s o c i a t e d  w ith  ir o n  a c q u i s i t i o n  in  the 
i n t r a c e l l u l a r  environment. In  th e  ca se  o f  Y . pestis, i t  i s  
l i k e l y  th a t  the source o f  i r o n  i n  th e  h o s t  c e l l  i s  haem, s in c e  
v i r u l e n t  Y.pestis c e l l s  b in d  and tr a n s p o r t  haem (P e rry  and 
B rubaker, 1979).
In Shigella s p e c ie s ,  the c a u s a t iv e  agents o f  d y s e n te r y ,  a 
number o f  d i f f e r e n c e s  have been found in  th e  ty p e s  o f  
s id e ro p h o res  th ey  produce. E n te ro b a c t in  i s  s y n t h e s is e d  by 
Shigella dysenteriae and Shigella sonnei b u t  i s  o n ly  r a r e l y  
d e te c te d  in  Shigella flexneri and Shigella boydii i s o l a t e s ,  
which t y p i c a l l y  u t i l i z e  the hydroxamate a e r o b a c t in .  The 
a e r o b a c t in  genes are chromosomal in  the  Shigella s p e c ie s  u n l ik e  
the  plasm id encoded genes o f  E.coli ColV. A comparison o f  the 
p lasm id  genes and the genes c lo n e d  from th e  th re e  Shigella 
s p e c ie s  th a t  p o ssess  them, show remarkable s i m i l a r i t i e s  
a lth o u g h  i t  appears t h a t  a e r o b a c t in  i s  not an e s s e n t i a l  
v i r u le n c e  f a c t o r  in  Shigella. The c lo n ed  Shigella a e r o b a c t in  
genes were mutated by the i n s e r t i o n  o f  Tn5 in  an a e r o b a c t in  
b i o s y n t h e s i s  gene. Marker exchange a llo w ed  the i n s e r t i o n  o f  
mutated genes in to  a w i ld  type background (Payne, 19 8 7 ).  The 
mutants were compared to  the  w i ld  type f o r  c h ic k  embryo 
l e t h a l i t y  and p ro d u ctio n  o f  k e r a t o c o n j u n c t i v i t i s  in  g u in ea  p ig s  
both  o f  which are used to  determ ine in v a s iv e n e s s  o f  Shigella 
s t r a i n s .  Although the mutants grow p o o r ly  in  low ir o n  
environments in vitro, no s i g n i f i c a n t  d i f f e r e n c e s  were seen  in  
the a b i l i t y  o f  an a e r o b a c t in  b i o s y n t h e s i s  mutant to  invade or 
produce d is e a s e  in  exp erim en ta l i n f e c t i o n s .  I t  i s  p o s s i b l e  th a t  
s id ero p h o re  s y n th e s is  i s  im portant during c o l o n i z a t i o n  or 
e sta b lish m e n t o f  i n f e c t i o n  b u t i s  n o t re q u ire d  f o r  growth o f  
the b a c i l l i  w i th in  the e p i t h e l i a l  c e l l s .  The Shigella s p e c i e s ,  
l i k e ,  Y .pestis, may u t i l i z e  haem as an ir o n  source  w i t h in  c e l l s  
s in c e  Shigella b inds haemin and can use i t  as an ir o n  so u rce  in 
vitro (Lawlor et al., 1987).
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While i t  seems th a t  a p o s s i b le  r o l e  f o r  s id e ro p h o re s  in  mucosal 
and i n t r a c e l l u l a r  i n f e c t i o n s  i s  u n c e r t a in ,  i t  must be noted 
th a t  some organisms th a t  cause i n f e c t i o n s  o f  h o s t  f l u i d s  
produce no d e t e c t a b le  s id e ro p h o re .  Neisseria meningitidis 
o b ta in s  ir o n  d i r e c t l y  from t r a n s f e r r i n ,  l a c t o f e r r i n ,  haem and 
haemoglobin, as does Haemophilus influenzae (H errington  and 
S p a r l in g ,  1985). Streptococcus mutans produces no apparent 
s id e ro p h o re ,  the organism h a v in g  o n ly  a fe r r o u s  t r a n s p o r t  
system and a mechanism f o r  e x t e r n a l  r e d u c t io n  o f  i r o n  (Evans e t  
al., 1986). Listeria monocytogenes e x c r e t e s  a re d u c ta n t  th a t  
removes ir o n  from t r a n s f e r r i n .
While th e re  i s  c o n s id e ra b le  e v id e n ce  t h a t  c o m p e tit io n  f o r  ir o n  
i s  a c r u c i a l  p a r t  o f  the e s ta b lis h m e n t  o f  b a c t e r i a l  i n f e c t i o n s  
and t h a t  in  the ca se  o f  Vibrio anguillarum and c e r t a i n  in v a s iv e  
s t r a i n s  o f  E.coli the p ro d u c tio n  o f  s id e ro p h o re  i s  the major 
v i r u le n c e  determ inant, i t  i s  l i k e l y  t h a t  many organisms have 
d eveloped a l t e r n a t i v e  iro n  s e q u e s te r in g  system s and path o gen ic  
ir o n  a c q u i s i t i o n  must be worked o u t on a c a s e - b y - c a s e  b a s i s .
1 .6  R h iz o b a c te r ia  and S id ero p h o re s .
The work p re se n te d  in  t h i s  t h e s i s  i s  concerned w ith  the 
p ro d u c tio n  o f  s id ero p h o res by the genus Rhizobium, a member o f  
the fa m ily  Rhizobiaceae. While c o m p a r i t iv e ly  l i t t l e  i s  known 
about s id ero p h o re  p ro d u ctio n  in  Rhizobium s p e c i e s ,  another 
a g ro n o m ic a lly  important group o f  r h i z o b a c t e r i a ,  the 
pseudomonads, has been the fo cu s  o f  much i n t e r e s t  over  the l a s t  
ten  y e a r s .
1 . 6 . 1  S iderophore p ro d u c tio n  by Pseudomonas in  the
r h iz o s p h e r e .
One o f  the major taxonomic c r i t e r i a  f o r  the r e c o g n i t io n  o f  
f lu o r e s c e n t  Pseudomonas s t r a i n s  i s  the  p ro d u ctio n  o f  a 
c h a r a c t e r i s t i c  y e l lo w - g re e n ,  w a te r  s o lu b le  f l u o r e s c e n t  pigment 
named p yoverd ine  ( E l l i o t ,  1958). For a few s t r a i n s  b e lo n g in g  to 
d i f f e r e n t  s p e c i e s ,  i . e . ,  Pseudonomas fluorescens, Pseudomonas 
aeruginosa, Pseudomonas syringae and Pseudomonas putida, i t  has 
been dem onstrated th a t  pyo verd in e  i s  a p o w erfu l i r o n  ( I I I )
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c h e la t o r ,  which en ables  the  b a c t e r i a  to  f u l f i l l  t h e i r  iro n  
requirem ent when growing in  an ir o n  d e f i c i e n t  environment (Cody 
and G ross, 1987; Cox and Adams, 1985; T o rre s  e t  al., 1986; 
Meyer and A b d a lla h ,  1978). The b i o s y n t h e s i s  o f  t h i s  compound i s  
s t r o n g ly  r e g u la t e d  in  an in v e r s e  r e l a t i o n s h i p  by the  iro n  
c o n c e n tra t io n  o f  th e  b a c t e r i a l  growth medium (L e n h o ff ,  1963) 
and p y o verd in e  has been shown to  have a s t i m u l a t i n g  e f f e c t  on 
c e l l  i r o n  uptake (Meyer and Hornsperger, 19 7 8 ) .
The i n t r o d u c t io n  o f  c e r t a i n  f lu o r e s c e n t  Pseudomonas spp. in to  
the r h iz o s p h e r e  in  s h o rt  r o t a t i o n  s o i l  has been  shown to  le a d  
to  rem arkable in c r e a s e s  in  crop y i e l d  i n  p o t  and f i e l d  
experim ents (S ch ro th  and Hancock, 1982; K loepper e t  al., 1980). 
Short r o t a t i o n ,  which i s  the  fre q u e n t  cro p p in g  o f  a v e g e t a t i o n  
in  monoculture in  the  same s o i l , r e s u l t s  i n  s e v e r e  lo s s e s  in  
crop y i e l d .  Continuous growth o f  p o ta to  r e s u l t s  in  y i e l d  
d e cre a se s  up to  3 0 .In most o f  the  N e th e r la n d s ,  f o r  example, 
growth o f  p o ta to  even once e v e ry  th re e  y e a r s , s t i l l  r e s u l t s  in  
l o s s e s  o f  10 to  15%. A lso  o th er  im portant crop p la n t s  l i k e  
wheat, r a d is h ,  maize and b a r le y  s u f f e r  from t h i s  e f f e c t .  
S p e c i f i c  s t r a i n s  o f  the Pseudonomas fluorescens /putida group 
have been used  as seed  in o c u la n ts  on crop p la n t s  to  promote 
growth and in c r e a s e  y i e l d s  (Kloepper e t  al. , 1980). These
pseudomonads, termed p la n t  growth-prom oting r h i z o b a c t e r ia  
(PGPR), r a p i d l y  c o lo n iz e  p la n t  r o o ts  o f  p o t a t o ,  su gar  b e e t  and 
r a d is h  and cause  s t a t i s t i c a l l y  s i g n i f i c a n t  y i e l d  in c r e a s e s  up 
to  144% i n  f i e l d  t e s t s .  Crop y i e l d  in c r e a s e  and growth 
s t im u la t io n  can o n ly  be a p p l ie d  to s h o r t  r o t a t i o n  s o i l s  s in c e  
the b a c t e r i a  have no b e n e f i c i a l  e f f e c t  on h e a l t h y  p la n ts  in  
long r o t a t i o n  s o i l s .  S u c c e s s fu l  s t r a i n s  a re  a n t a g o n is t ic  
a g a in s t  known g ra m -p o s it iv e  and g ra m -n eg a tive  pathogenic  
b a c t e r i a  (Erwinia carotovora v a r .  carotovora, E.carotovora v a r .  
atroseptica, Streptomyces scabies) and fu n g i  (Fusarium 
tabacinum, Rhizoctonia solani, Verticilium albo-atrum, 
Altemaria solani, Phoma exigua) as w e l l  as a number o f  o ther 
non -pathogen ic  m icroorganisms i s o l a t e d  from th e  rh iz o sp h e re  or 
the s o i l  (G eels  and S ch ip p ers ,  1983; de Weger e t  al., 1986).
In 1980, K loepper e t  al. , c a r r i e d  out a stu d y  in  ord er  to
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determ ine the nature  o f  t h i s  antagonism  to p o t e n t i a l l y  
d e le t e r i o u s  rh iz o p la n e  fu n g i  and b a c t e r i a  p r e v i o u s ly  observed  
i n  o th e r  s tu d ie s  (Burr e t  a l . ,  1978; Xu and G r o s s ,1986 ; Suslow 
and Sch ro th , 1982). Evidence was p r e s e n te d  t h a t  PGPR e x e r t  
t h e i r  p la n t  growth-promoting a c t i v i t y  by  d e p r iv in g  n a t i v e  
m i c r o f l o r a  o f  i r o n  due to  the p ro d u c t io n  o f  e x t r a c e l l u l a r  
s id e ro p h o re s  which e f f i c i e n t l y  complex environm ental iro n ,  
making i t  l e s s  a v a i l a b l e  to  c e r t a i n  n a t i v e  m i c r o f l o r a .  In t h i s  
s tu d y ,  p la n t  growth-promoting f l u o r e s c e n t  Pseudomonas s t r a i n s  
A l ,  BK1, TL3B1 and BIO, i s o l a t e d  from p o ta to  periderm  or r o o t s ,  
e x h i b i t e d  in vitro a n t i b i o s i s  on k in g s  medium B a g ar  (King et 
al., 1954) a g a in s t  the  b a cter iu m  Erwinia carotovora, which 
cau ses p o ta to  s o f t  r o t  and s e e d p ie c e  d ecay. When 1/iM PeC l 3 was 
added to  the KB p l a t e s ,  the a n t i b i o s i s  a g a i n s t  E.carotovora d id  
n o t o c cu r ,  nor was the y e l lo w - g r e e n  f lu o r e s c e n c e  o f  PGPR 
produced. A n t i b i o s i s  was a ls o  e x h i b i t e d  in  vitro a g a in s t  E.coli 
K-12 AN193, which does n o t  produce i t s  n a t i v e  s id e ro p h o re ,  
e n te r o b a c t in ,  bu t not a g a in s t  i t s  e n te ro b a c t in -p ro d u c in g  
p a r e n t ,  AN194. These r e s u l t s  s u g g e s t  t h a t  the  f lu o r e s c e n t
I
s id e ro p h o re s  produced by PGPR under i r o n - d e f i c i e n t  c o n d it io n s  
a re  r e s p o n s ib le  f o r  the a n t i b i o s i s  a g a i n s t  E.carotovora and 
E.coli AN193.
The e f f e c t  o f  i r o n  on p la n t  growth-prom oting a c t i v i t y  by PGPR 
i n  s o i l s  was a ls o  i n v e s t i g a t e d .  I t  was found th a t  when p o ta to
g
se e d p ie c e s  were dipped in to  PGPR suspensions (10 CFU/ml) 
im m ediately  b e fo re  p la n t in g  in  f i e l d  s o i l s ,  s t a t i s t i c a l l y  
s i g n i f i c a n t  in c r e a s e s  in  p la n t  growth (measured as t o t a l  p la n t  
wet w e ig h t)  occured two weeks a f t e r  emergence. However, when 
120ml o f  100/zM Fem EDTA per  600g o f  s o i l  were added on 
a l t e r n a t e  days to  s o i l s  p la n te d  w ith  PGPR-inoculated 
s e e d p ie c e s ,  PGPR d id  n o t s t a t i s t i c a l l y  in c r e a s e  growth, 
a lth o u g h  the b a c t e r i a  c o lo n iz e d  the r o o ts  a t  a l e v e l  comparable 
to  t h a t  w ith o u t iro n .  T his le a d  to  the  p ro p o s a l t h a t  a 
f l u o r e s c e n t  sid ero p h o re  from PGPR mimics the b i o l o g i c a l  a c t io n  
o f  PGPR, and th e r e fo r e  p la y s  a major r o le  in  p la n t  growth 
prom otion. To t e s t  t h i s  p r o s p o s a l ,  the  f lu o r e s c e n t  pigment from 
s t r a i n  BIO was i s o l a t e d  and p u r i f i e d .  Both the pigment and i t s
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f e r r i c  complex re v e rse d  ir o n  s t a r v a t i o n  o f  s t r a i n  BIO on KB 
p l a t e s  induced by the f e r r i c  com plexing agent, 
e th y le n e d ia m in e -d i-o -h y d ro x y p h e n y la c e t ic  a c i d  (EDDA). The 
s id e ro p h o re , p seu d o b a ctin , e x h i b i t e d  in  v i t r o  a n t i b i o s i s  
a g a in s t  E.carotovora b u t f e r r i c  p s e u d o b a c t in  caused  none. The 
e f f e c t  o f  p seu d o b a ctin  on p la n t  growth and rh iz o p la n e  fu n g a l 
c o lo n iz a t i o n  was a ls o  i n v e s t i g a t e d .  Both su sp e n sio n s  o f  BIO and 
p seu d o b a ctin  a t  10/xM caused s i g n i f i c a n t  p l a n t  growth in c r e a s e s  
w h ile  f e r r i c  p seu d o b a ctin  a t  50/iM and BIO w ith  50/iM Fem EDTA 
d id  n o t .  In  a d d it io n ,  p seu d o b a ctin  and BIO tre a tm e n ts  r e s u l t e d  
in  s t a t i s t i c a l l y  s i g n i f i c a n t  re d u c t io n s  o f  fu n g a l  p o p u la t io n s  
on the r h iz o p la n e .
Kloepper e t  al. , propose the fo l lo w in g  s c e n a r io  to  account fo r  
the enhancement o f  p la n t  growth by PGPR. F o llo w in g  in o c u la t io n  
and p la n t i n g  o f  crop s e e d s , PGPR r a p i d l y  c o lo n iz e  r o o ts  o f  the 
d e ve lo p in g  p la n t .  As a r e s u l t  o f  a l i m i t e d  su p ply  o f  i r o n  in  
the rh iz o p la n e ,  PGPR produce s id e ro p h o res  which s e q u e s te r  iro n  
i n  the r o o t  zone, making i t  u n a v a i la b le  to  c e r t a i n  rh izo p la n e  
m icroorganism s. These microorganisms a re  unable  to  o b ta inI
e s s e n t i a l  q u a n t i t i e s  o f  i r o n  f o r  growth e i t h e r  because  th ey  do 
not produce s id e ro p h o re s ,  produce c o m p a r i t iv e ly  l e s s  
s id e ro p h o res  than those o f  PGPR and/or produce s id ero p h o res 
which have l e s s  a f f i n i t y  f o r  ir o n  than th o se  o f  PGPR. The 
p o p u la t io n s  o f  th ese  microorganisms a re  reduced , and a more 
fa v o u ra b le  environment f o r  ro o t  growth i s  c r e a t e d .
C e r ta in  f lu o r e s c e n t  pseudomonads, c l o s e l y  r e l a t e d  to 
ph yto path o gen ic  Pseudonomas syringae, b e lo n g  to  the  genera o f  
d e le t e r i o u s  r h i z o b a c t e r i a  which in c lu d e s  Klebsiella, 
Citrobacter, Flavobacterium, Achromobacter and Arthorobacter 
(Suslow and S chroth , 1982). In a stu d y  by Buyer and Leong in  
1986 the  mode o f  antagonism between p la n t  growth-promoting 
f lu o r e s c e n t  pseudomonads and d e l e t e r i o u s  f lu o r e s c e n t  
pseudomonads was examined. P seud obactin  BIO, p seu d o b a c tin  7SR1 
from sugar b e e t - d e l e t e r i o u s  Pseudomonas 7SR1 and pseud o bactin  
A214 from b r a n - d e le t e r io u s  Pseudomonas A214 were used to 
determ ine antagonism between s t r a i n s .  Three p a t t e r n s  o f  r e s u l t s  
were o bserved . P a t te r n  1:  s t r a i n  A214 on KB p l a t e s  in h i b i t e d
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s t r a i n  BIO, w h ile  th e  co n verse  was n o t t r u e .  S t r a i n  BIO co u ld  
not u t i l i z e  p se u d o b a c tin  A214 as a s id e ro p h o re  b u t  A214 could  
use p seu d o b actin  BIO o r  f e r r i c  p seu d o b a ctin  f o r  i r o n  t r a n s p o r t .  
P a t te rn  2: R e s u l ts  showed th a t  when e i t h e r  s t r a i n  BIO or 7SR1 
was e s t a b l i s h e d  f i r s t ,  th e  e s t a b l i s h e d  s t r a i n  i n h i b i t e d  the 
growth o f  the  o th e r .  Each sid ero p h o re  i n h i b i t e d  th e  growth o f  
the o th e r  s t r a i n  and s t r a i n s  BIO and 7SR1 c o u ld  n o t  use each 
o t h e r 's  s id e ro p h o re .  P a t t e r n  3: R e s u lts  showed t h a t  A214 d id  
n o t i n h i b i t  s t r a i n  7SR1 and v i c e - v e r s a .  Each s t r a i n  was not 
i n h i b i t e d  by, and c o u ld  u s e ,  the o t h e r ' s  s id e ro p h o re .  From t h i s  
study the authors conclud e  th a t  growth i n h i b i t i o n  o f  c e r t a i n  
f lu o r e s c e n t  Pseudomonas s t r a i n s  by  s p e c i f i c  b e n e f i c i a l  
f lu o r e s c e n t  Pseudomonas s t r a i n s  i s  due in  p a r t  to  th e  i n a b i l i t y  
o f  s u s c e p t ib le  s t r a i n s  to  u t i l i z e  the  s id e ro p h o re s  from 
b e n e f i c i a l  s t r a i n s ,  s in c e  they la c k  th e  co rresp o n d in g  
outer-membrane r e c e p t o r .  C o n v erse ly ,  d e le t e r i o u s  s t r a i n s  which 
are  a b le  to  use the  s id e ro p h o re  from a b e n e f i c i a l  s t r a i n  w i l l  
be r e s i s t a n t .  I t  i s  c o n c e iv a b le  t h e r e f o r e ,  t h a t  fo l lo w in g  
in o c u la t io n  o f  a crop w ith  a b e n e f i c i a l  s t r a i n ,  th e  rh iz o sp h e reI
p o p u la t io n  d e n s i t y  o f  any microorganism t h a t  can use the 
b e n e f i c i a l  s t r a i n ' s  s id e ro p h o re  w i l l  a c t u a l l y  i n c r e a s e .  Where 
n a tu r a l  p o p u la t io n s  o f  b e n e f i c i a l  and d e l e t e r i o u s  s t r a i n s  
cannot use each o t h e r ' s  s id e ro p h o res ,  r e s u l t i n g  i n  mutual 
antagonism, f a c t o r s  such as the r e l a t i v e  b in d in g  c o n s ta n ts  fo r  
ir o n  ( i i i )  o f  t h e i r  s id e ro p h o re s ,  the  amount o f  sid ero p h o re  
pro d u ctio n  and the e f f i c i e n c y  o f  the i r o n  a s s i m i l a t i o n  systems 
o f  each s t r a i n  m ight determ ine which s p e c ie s  predom inates in  an 
i r o n - l i m i t i n g  environm ent. Other modes o f  antagonism  b e s id e s  
ir o n  d e p r iv a t io n  o f  d e le t e r i o u s  m icroorganisms c o u ld  c o n tr ib u te  
to  p la n t  growth prom otion by b e n e f i c i a l  s t r a i n s .  In  t h i s  study, 
antagonism between some s t r a i n s  occu rred  even in  th e  presence  
o f  ir o n  ( I I I ) , i m p l i c a t i n g  a n t i b i o t i c s  or b a c t e r i o c i n s  in  a 
second mode o f  a c t i o n .
In a study by de Weger e t  al. , in  1988, Pseudomonas putida
3+WCS358 was shown to  be a b le  to take  up Fe complexed to  the 
sid erop hore  o f  another p l a n t - b e n e f i c i a l  P.fluorescens s t r a i n ,  
WCS374. Pathogenic  r h i z o b a c t e r i a  and r h iz o f u n g i  t e s t e d  were
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n e it h e r  ab le  to  grow on Fe - d e f i c i e n t  medium in  th e  p re se n ce
55 3+o f  pseud o bactin  358 nor a b le  to  ta k e  up Fe from
55 3+
Fe -pseud obactin  358. The r e s u l t s  i n d ic a t e  t h a t  c o m p e tit io n
3+ 3+ 3+f o r  Fe , a t  the  l e v e l  o f  uptake o f  Fe from Fe -s id e ro p h o re
complexes, i s  the b a s i s  f o r  the  a c t io n  o f  P.putida WCS358 as a
m ic r o b ia l  p e s t i c i d e .  The authors s u g g e s t  t h a t  r e s u l t s  o f
a n t i b i o s i s  a ss a y s  o b ta in e d  on d i f f e r e n t  media ( e . g .  King B
medium and stan d ard  s u c c in a te  medium) are  much more v a r i a b l e
than the r e s u l t s  o f  uptake experim ents and s u g g e s t  t h a t
co n c lu s io n s  about th e  a b i l i t y  o f  a s t r a i n  to  a n ta g o n iz e  o th e r
microorganisms by v i r t u e  o f  i t s  s id e ro p h o re  a re  more a c c u r a te
3+
when based on a n t i b i o s i s  a s s a y s  i n  com bination w ith  Fe uptake 
experim ents. The r e c e n t  f i n d in g  o f  a f l u o r e s c e n t  Pseudomonas 
s t r a i n  whose a n t i b i o t i c  a c t i v i t y  towards fu n g a l  growth i s  due 
to  an a n t i b i o t i c  which i s  o n ly  a c t i v e  under low ir o n  c o n d it io n s  
supports t h i s  s u g g e s t io n  ( G i l l  and Warren, 1988) .
1 . 6 . 2  G enetic  a n a ly s is  o f  iro n  a s s i m i l a t i o n  system s in  
pseudomonads. I
To understand the r e l a t i o n s h i p  between growth s t i m u la t i o n  and 
th e  p ro d u ctio n  o f  s id e ro p h o re ,  knowledge o f  the  o r g a n iz a t io n  
and r e g u la t io n  o f  s id e ro p h o re  b io s y n t h e s is  i s  needed. Marugg e t  
al.(1985), i s o l a t e d  mutants d e f e c t i v e  in  the b i o s y n t h e s i s  o f  
pseud o bactin  358 a f t e r  m utagenesis w ith  tran sp oso n  Tn5. 
Complementation o f  th e se  mutants w ith  cosmid c lo n e s  o f  a 
genomic l i b r a r y  o f  WCS358 r e s u l t e d  in  the i d e n t i f i c a t i o n  o f  
f i v e  se p a ra te  gene c l u s t e r s  in v o lv e d  in  s id e ro p h o re  
b io s y n t h e s i s .  A major gene c l u s t e r ,  c l u s t e r  A, m easuring a t  
l e a s t  33.5kb has been i d e n t i f i e d  as b e in g  r e q u ir e d  f o r  
s y n th e s is  o f  the s id e ro p h o re .  The g e n e t ic  in fo rm a tio n  co n tin u e s  
beyond one end o f  the 33.5kb r e g io n ,  as two mutants w ith  
in s e r t io n s  lo c a t e d  near t h i s  end co u ld  not be complemented by 
any o f  the cosmids or s u b c lo n e s . The o th e r  end o f  th e  re g io n  
was extended by 18kb by th e  i s o l a t i o n  o f  an o v e r la p p in g  cosmid 
c lo n e  from a WCS358 genomic l i b r a r y .  B es id e s  the  b i o s y n t h e t i c  
genes, the o v e r la p  a ls o  co n ta in ed  DNA in fo rm atio n  f o r  the 
uptake and u t i l i z a t i o n  o f  p seu d o b a ctin  358.
3+
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A n a ly s is  o f  the  t r a n s c r i p t i o n a l  o r g a n iz a t io n  o f  c l u s t e r  A 
r e v e a le d  the p resen ce  o f  a t  l e a s t  f i v e  t r a n s c r i p t i o n a l  u n i t s  in  
the  re g io n .
Some o f  the  t r a n s c r i p t i o n a l  u n i t s  a re  extrem e ly  long; 
t r a n s c r i p t i o n a l  u n i t  I I  seems to  c o v e r  th e  £coRl fragment o f  
13 .5 kb  e n t i r e l y ,  w h ile  t r a n s c r i p t i o n a l  u n i t  IV seems to  be a t  
l e a s t  5kb. I t  i s  not c l e a r  whether th e s e  t r a n s c r i p t i o n a l  u n i t s  
form la r g e  open re ad in g  frames o r  c o n s i s t  o f  o p e r o n - l ik e  
s t r u c t u r e s  w ith  m u lt ip le  genes. By RNA-RNA h y b r id i z a t i o n ,  u s in g  
RNA i s o l a t e d  from c u l t u r e s  o f  w i ld - t y p e  WCS358 grown under 
i r o n - r i c h  and l i m i t e d  c o n d it io n s ,  i t  was dem onstrated t h a t  the  
e x p r e s s io n  o f  some o f  the genes w i t h in  c l u s t e r  A was r e g u la te d  
by ir o n  a t  the  t r a n s c r i p t i o n a l  l e v e l .
In  t h i s  stu dy , the authors were u n ab le  to  a s s ig n  b i o s y n t h e t i c  
fu n c t io n s  to  the genes in  c l u s t e r  A. However, mutant 
s id e ro p h o res  from th re e  o f  the  Tn5 induced mutants were 
p u r i f i e d  and t h e i r  amino a c id  co m p o sit io n  determ ined. The 
a n a ly s is  demonstrated t h a t  a l l  th r e e  produce the complete 
w i ld - t y p e  p e p t id e .  This i n d i c a t e s ,  t h e r e f o r e ,  th a t  the mutants 
o f  c l u s t e r  A are  p ro b ab ly  d e f e c t i v e  in  c e r t a i n  s te p s  in  the 
s y n th e s is  o f  the h y d r o x y q u in o l in e - d e r iv e d  group. Presumably the 
genes f o r  the  p e p tid e  l i e  on one o f  the  o th e r  gene c l u s t e r s  
i d e n t i f i e d  as b e in g  n e c e s s a ry  f o r  s id e ro p h o re  b i o s y n t h e s is  in  
WCS358.
Using a gene bank o f  Pseudomonas s p . s t r a i n  BIO DNA and one 
hundred and f i f t y  fo u r  n o n - f lo u r e s c e n t  mutants d e f e c t i v e  in  the 
p ro d u ctio n  o f  p seu d o b a ctin , Morres e t  al.(1984), i d e n t i f i e d  
e i g h t  d i f f e r e n t  recombinant cosmids c a r r y in g  p seu d o b a ctin  
b i o s y n t h e t i c  genes. Although the t o t a l  number o f  genes in v o lv e d  
in  the b i o s y n t h e t ic  pathway i s  not y e t  known, the 
complementation p a t t e r n  s u g g e s ts  t h a t  a minimum o f  tw elve  genes 
a re  needed. R e s u lts  i n d ic a te d  t h a t  a t  l e a s t  fo u r  gene c l u s t e r s  
a re  in v o lv e d  in  the b i o s y n t h e s i s  o f  p se u d o b a c tin  compared w ith  
a s i n g l e  gene c l u s t e r  in v o lv e d  i n  the b io s y n t h e s is  o f  e i t h e r  
e n te r o b a c t in  or a e r o b a c t in .  T his seems re aso n a b le  c o n s id e r in g  
the s t r u c t u r a l  co m p lex ity  o f  p se u d o b a c tin .
Magazin et al. (1986), in  a subsequent s tu d y , c loned the  gene
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coding f o r  the  o u te r  membrane r e c e p t o r  p r o t e i n  f o r  f e r r i c  
p seu d o b a ctin . Pseudomonas A124 and A225 were complemented f o r  
the a b i l i t y  to  u t i l i z e  pseud o bactin  as a s id e ro p h o re  by mating 
the gene bank o f  DNA from Pseudomonas BIO en masse u s in g  the 
h e lp e r  p lasm id  pRK2013. P s e u d o b a c t in - r e s is t a n t  tra n sc o n ju g a n ts  
were s e l e c t e d  on a n t i b i o t i c - c o n t a i n i n g  p l a t e s  supplemented w ith  
p seu d o b a ctin . A recombinant cosmid pJLM300 was s u b je c te d  to  Tn5 
m utagenesis and the  f u n c t io n a l  f e r r i c  p s e u d o b a c tin  gene lo c a t e d  
to  a re g io n  o f  appro xim ately  2.4Kb which i s  c o n s i s t e n t  w ith  the 
m o lecu lar  w e ig h t  o f  85,000 Da f o r  the  o u te r  membrane r e c e p to r .  
M o b i l i z a t io n  o f  pJLM300 in to  Pseudomonas A124 and A225, the 
growth o f  which i s  i n h i b i t e d  b y  Pseudomonas BIO or 
p seu d o b a ctin , rendered  th ese  s t r a i n s  no lo n g e r  s u s c e p t ib l e  to  
i r o n  s t a r v a t i o n  because they were now a b le  to  t r a n s p o r t  f e r r i c  
p seu d o b a ctin . Transposon Tn5 i n s e r t i o n  mutants o f  Pseudomonas 
BIO la c k in g  the  re c e p to r  p r o t e in  were g e n e ra te d  by a marker 
exchange tech n iq u e  and were found to  be d e f e c t i v e  in  f e r r i c  
p seu d o b a ctin  t r a n s p o r t .  The gene f o r  th e  o u te r  membrane 
r e c e p to r  was found to  be c l o s e l y  a s s o c i a t e d  w ith  sid ero p h o reI
b i o s y n t h e s i s  genes. They were found to  f l a n k  the  r e c e p to r  gene 
on both  s i d e s  and were on s e p a ra te  o p e ro n s . The p ro d u c tio n  o f  
p seu d o b a ctin , the r e c e p to r  p r o t e in  and fo u r  o th e r  o u ter  
membrane p r o t e in s  in  Pseudomonas BIO was c o o r d i n a t e ly  r e g u la te d  
by the l e v e l  o f  i n t r a c e l l u l a r  iro n .
O 'S u l l iv a n  et al.(1990), i s o l a t e d  tw enty  two Tn5 induced 
s id ero p h o re  mutants o f  Pseudomonas s t r a i n  M114. F ive  
complementing cosmid c lo n e s  were i s o l a t e d  from a pLAFRl based 
gene bank o f  the  p a re n t  s t r a i n  and th e  complementation p a t t e r n  
in d ic a t e d  t h a t  a minimum o f  f i v e  s id e ro p h o re  b io s y n t h e s is  genes 
were encoded on the c l o n e s . One c lo n e  was a l s o  found to  c a r r y  
the gene co d in g  fo r  the o u te r  membrane r e c e p to r  f o r  
p seu d o b a ctin  M114. The l o c a l i z a t i o n ,  on t h i s  c lo n e ,  o f  a 
f u r - l i k e  r e g u la t o r y  gene was a ls o  determ ined. I t  was shown th a t  
the c lo n e ,  pMS639, complemented the  s id e ro p h o re  r e g u la t o r y  
mutant M114FR2 i s o l a t e d  in  a p re v io u s  stu d y  ( O 'S u l l iv a n  and 
O'Gara, 1990). The g e n e t ic  lo cu s encoding th e  o u te r  membrane 
r e c e p to r  f o r  p seu d o b a ctin  M114 was s i t u a t e d  a t  a d is ta n c e  o f
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7.3Kb from the  r e g u la t o r y  re g io n .  The r e s u l t s  in  t h i s  study 
in d ic a te d  t h a t  genes c o n t r o l l i n g  s id e ro p h o re  b i o s y n t h e s i s ,  the 
iro n -s id e ro p h o re  r e c e p t o r ,  as w e l l  as the  f u r - l i k e  r e p r e s s o r  o f
the iro n  uptake system  in  s t r a i n  M114 a r e  c l u s t e r e d  w i t h in  the
27.2Kb i n s e r t  o f  the  c lo n e  pMS639.
By stu d yin g  the  g e n e t ic s  o f  i r o n  u ptake  by th e s e  p la n t  
growth-promoting pseudomonads i t  i s  hoped t h a t  th e s e  ir o n
se q u e ste r in g  system s may be in tro d u c e d  in t o  o th e r  
p l a n t - b e n e f i c i a l  b a c t e r i a  to  i n c r e a s e  t h e i r  iro n
co m p e tit iv e n e ss  i n  the  rh iz o sp h e re .  The f u l l  p o t e n t i a l  o f  
r h i z o b a c t e r ia  and o th e r  microorganisms to  promote p l a n t  growth 
w i l l  be r e a l i s e d  o n ly  when th e re  i s  a b e t t e r  u n d ersta n d in g  o f  
the f a c t o r s  a f f e c t i n g  t h e i r  e c o lo g y  and e s ta b l is h m e n t  on r o o t s . 
This w i l l  r e q u ir e  the c o o p e r a t iv e  e f f o r t s  o f  b a c t e r i a l
e c o l o g i s t s ,  p la n t  p a t h o l o g i s t s ,  p h y s i o l o g i s t s ,  b io c h e m is ts  and 
g e n e t ic  e n g in e e r s , in  order to  determine the im portant f a c t o r s  
which enable  a m icroorganism to  s u c c e s s f u l l y  compete in  a
p a r t i c u l a r  e c o l o g i c a l  n ic h e .  The c o m p e t it iv e  a b i l i t y  o f
e p ip h y t ic  b a c t e r i a  to  c o lo n iz e  r o o ts  and t h e i r  c a p a c i t y  toI
exclude d e le t e r i o u s  microorganisms from the  r o o t  s u r f a c e  could  
be g r e a t l y  improved through g e n e t ic  e n g in e e r in g  to  en a b le  them 
to t o l e r a t e  m o istu re  s t r e s s  or to  produce a w id er  a r r a y  o f  
m e ta b o lite s  a f f e c t i n g  a g r e a t e r  spectrum o f  d e le t e r i o u s  
m icroorganism s. C h a racte rs  th a t  a l lo w  r h i z o b a c t e r i a  to 
p r o l i f e r a t e  on r o o t s  are  the key to  u s in g  o th e r  b e n e f i c i a l  
b a c t e r i a  as r o o t  c o lo n i z e r s .
1 .6 .3  S id ero ph o res in  Rhizobium s p e c i e s .
The r h iz o b ia ,  an o th er  s p e c ie s  o f  p la n t  b e n e f i c i a l  b a c t e r i a ,  are 
s o i l  m icroorganism s t h a t  can i n t e r a c t  w ith  leguminous p la n t s  to 
form ro o t  nodules w i t h in  which c o n d it io n s  a re  fa v o u r a b le  fo r  
b a c t e r i a l  n i t r o g e n  f i x a t i o n .  Siderophore p ro d u c t io n  by r h iz o b ia  
has been o f  p a r t i c u l a r  i n t e r e s t  in  v ie w  o f  the  prominent r o le  
o f  iro n  enzymes a t  s e v e r a l  s ta g e s  in  the n i t r o g e n  f i x a t i o n  and
i
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a s s im i la t i o n  p r o c e s s .  The i r o n  enzymes and p r o t e in s  in v o lv e d  
in clu d e  f e r r e d o x in ,  h y d ro g e n a se , n i t r o g e n a s e  and 
leghaem oglobin. N itro g e n a s e ,  c o n s i s t i n g  o f  two p r o t e in s  and 
having a t  l e a s t  30 ir o n  atoms, can c o n s t i t u t e  10 to  12% o f  the 
t o t a l  p r o t e in  in  a b a c t e r i a l  c e l l  and leghaem oglobin  may 
re p re s e n t  as much as 25 to  30% o f  the  t o t a l  s o lu b le  p r o t e i n  in  
i n f e c t e d  p la n t  c e l l s  (Verma and Long, 1983). The s y n t h e s is  o f  
th ese  and o th e r  i r o n - c o n t a in in g  enzymes r e q u ir e s  t h a t  both  
p la n t  and b a c t e r i a  have an adequate su p p ly  o f  i r o n .  A b r i e f  
overview  o f  the rhizobium -legum e sym b iosis  w i l l  be g iv e n  b e fo r e  
d is c u s s in g  the r o l e  o f  s id e ro p h o re s  in  t h i s  p r o c e s s .
1 . 6 . 4  The Rhizobium-legume sy m b io sis .
I n f e c t io n  o f  legume r o o ts  no rm ally  ta k e s  p la c e  through the r o o t  
h a ir s  which become e lo n g a te d  deformed and c u r le d  (Yao and 
V in c e n t ,1983) . R h izo b ia  a re  d i f f e r e n t i a t e d  by t h e i r  h o s t  
s p e c i e s .
R hizobium -Plant A s s o c ia t io n s .I
Rhizobium P la n t
Rhizobium meliloti 
Rhizobium leguminosarum 
b io v a r  viciae 
b io v a r  t r ifolii 
b io v a r  phaseoli 
Rhizobium fredii 
Bradyrhizobium japonicum 
Rhizobium loti 
Azorhizobium caulinodans 
Bradyrhizobium sp p .
A l f a l f a
Pea, v e tc h
C lo v er
Bean
Soybean
Soybean
Lotus
Sesban ia  (stem) 
P arasponia  (non-legume)
Rhizobium are  ch e m o ta c tic  towards p la n t  r o o ts  and when h o s t  
p la n ts  are  p r e s e n t  r h i z o b ia  are  s t im u la te d ,  r e s u l t i n g  in  the 
occurence o f  la r g e  p o p u la t io n s  in  the rh iz o sp h e re  (up to  105 to  
107 c e l l s  p e r  gram o f  s o i l ) .  As r o o t  h a i r  c u r l i n g  ta k e s  p la c e ,  
the c e l l s  o f  the  r o o t  c o r t e x  under the epiderm is b e g in  d iv id in g
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(Libbenga and H arkes, 1973). B a c t e r i a  tra p p ed  in  a c u r le d  r o o t  
h a i r ,  or between a h a i r  and another c e l l ,  p r o l i f e r a t e  and b e g in  
to  i n f e c t  the  o u te r  p la n t  c e l l s . As t h i s  happ en s, the  invaded 
p la n t  c e l l  i s  s t im u la te d  to  produce a c e l l  w a l l  sh e ath  or 
i n f e c t i o n  th rea d  (Callaham and T o rre y ,  19 8 1) .  The body o f  the  
nodule i s  e s t a b l i s h e d  in  the  p la n t  r o o t  by c e l l  d i v i s i o n s  and 
the i n f e c t i o n  thread s spread  through and p e n e tr a te  i n d iv id u a l  
t a r g e t  c e l l s  w ith in  the nodule. B a c t e r i a  are  r e le a s e d  in to  the 
p la n t  cytoplasm  i t s e l f  and c e l l s  d iv id e  r e p e a te d ly  u n t i l  a 
mature nodule i s  formed. The b a c t e r i a ,  once l i b e r a t e d  from the 
i n f e c t i o n  th re a d , m u lt ip ly  r a p i d l y  and become s w o lle n  and 
i r r e g u l a r  in  shape, forming b a c t e r o i d s  enveloped in  p la n t  
plasma membranes (Robertson et al., 19 7 8 ). I t  i s  a t  t h i s  s ta g e  
th a t  sy m b io tic  n itr o g e n  f i x a t i o n  and m e ta b o lite  exchange 
o c c u r s .
In v a r io u s  Rhizobium s p e c i e s ,  such as R.leguminosarum and 
R.meliloti, common and h o s t - s p e c i f i c  n o d u la t io n  (nod) genes 
have been i d e n t i f i e d  which determ ine i n f e c t i o n  and n o d u la t io n  
o f  s p e c i f i c  h o s ts  (Long, 1989) ( F i g . 1 . 1 1 ) .I
Rhizobium meliloti D 1  ABCIJ QP G EF H
"conm on”  h o s t  s p e c i f ic
Rhizobium leguminosarum NM L EF D ABCIJ X
h o s t  s p e c i f i c  "common"
Most n o d u la t io n  genes are  induced when c e l l s  are exposed to  
p la n t  exudates or e x t r a c t s  w ith  the e x c e p t io n  o f  the nodD gene 
which i s  c o n s t i t u t i v e  (M ulligan  and Long, 1985; Innes e t  al., 
1985) . This in d u ct io n  depends on the nodD gene p ro d u c t .  In  
s e v e r a l  p la n t-rh iz o b iu m  system s, the  in d ucin g  m olecules have 
been p u r i f i e d  from p la n t  exud ates  and i d e n t i f i e d  as f l a v o n o i d s , 
th re e  r i n g  arom atic  compounds d e r iv e d  from phenylpropanoid  
m etabolism . In a l f a l f a  and c l o v e r ,  the  most a c t i v e  in d u cers  a re  
f la v o n e s ,  such as l u t e o l i n  ( 3 , ' 4 ' , 5 , 7 - te tr a h y d r o x y f la v o n e )  
(P e te r s  e t  al., 1986) and DHF ( 7 , 4 d ih y d ro x y f la v o n e ) (Redmond 
e t  al. , 1986). In soybean, the n a t u r a l  ind ucers  in c lu d e  an
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i s o f la v o n e ,  d a id z e in  (K osslak  e t  al., 19 8 7 ).  Rhizobium c e l l s  
induced to  e x p re ss  nodABC e x p o rt  a f a c t o r  th a t  a f f e c t s  ro o t  
morphology and ro o t  h a ir  growth (van B r u s s e l  et al., 1986). 
R e c e n t ly ,  u s in g  R.meliloti s t r a i n s  o ve rp ro d u cin g  sy m b io tic  Nod 
f a c t o r s ,  the major a l f a l f a - s p e c i f i c  s i g n a l ,  Nod Rm-1, was 
i s o l a t e d  from f i l t r a t e s  o f  R.meliloti c u l t u r e s  a f t e r  in d u c t io n  
o f  nod gene t r a n s c r i p t i o n  by l u t e o l i n  (Lerouge et al., 1990). 
Nod Rm-1 was shown to  be a su lp h a te d  y9-l , 4 - t e t r a s a c c h a r i d e  o f  
D-glucosamine in  which th re e  amino groups a re  a c e t y l a t e d  and 
one a c y la t e d  w ith  a C b i s - u n s a t u r a t e d  f a t t y  a c id .  This 
p u r i f i e d  Nod s i g n a l  s p e c i f i c a l l y  e l i c i t e d  r o o t  h a i r  d eform ation 
on the a l f a l f a  h o s t  p la n t .
A f t e r  i n f e c t i o n  i s  i n i t i a t e d ,  th e  b a c t e r i a  must p e n e tr a te  and 
be r e le a s e d  in to  h o s t  c e l l s .  This r e q u ir e s  c o r r e c t  b a c t e r i a l  as 
w e l l  as p la n t  s u r fa c e  components. The s p e c i f i c  b a c t e r i a l  
components in v o lv e d  are the e x t r a c e l l u l a r  p o ly s a c c h a r id e s  which 
in c lu d e  charged  h e te r o p o ly s a c c h a r id e s ,  n e u t r a l  ^ -g lu ca n s ,  and 
l ip o p o ly s a c c h a r id e s  (C arlso n  et al., 1987, 1988). G en etic
evid en ce  f o r  p o ly s a c c h a r id e  involvem ent in  i n f e c t i o n  i s  v e r y  
s tro n g  (L eigh  et al., 1987; M u ller  et al., 1988; Noel et al., 
1986; C a r lso n  e t  al., 1987) and g e n e t i c  s t u d ie s  should  make i t  
p o s s i b le  to  i d e n t i f y  which p o ly s a c c h a r id e s  a re  in v o lv e d  i n  the 
Rhizobium sym bioses. P o s s ib le  r o l e s  f o r  e x t r a c e l l u l a r  
p o ly s a c c h a r id e s  a re ,  s i g n a ls  or s u b s t r a t e s  f o r  s i g n a l  
p ro d u c tio n , osm otic m a te r ia ls  n e c e s s a r y  d urin g  in v a s io n  and 
r e c o g n i t io n  f a c t o r s  th a t  a c t  to  p r e s e n t  and/or to  d is g u is e  the 
b acteriu m  d urin g  in v a s io n . The p la n t  s u r f a c e s ,  c e l l  w a l l  and 
o th e r  s e c r e t io n s  as w e l l  as the u n d e r ly in g  p la n t  membrane, are  
a ls o  im p lic a te d  in  the c o r r e c t  in v a s io n  and d i f f e r e n t i a t i o n  o f  
b a c t e r i a  in to  p la n t s .  The in s id e  o f  the  i n f e c t i o n  th re a d  i s  
packed w ith  b a c t e r i a  and a m a tr ix ,  one component o f  which i s  a 
p la n t - d e r iv e d  g ly c o p r o te in  (B ra d le y  e t  al., 1988). Due to  the 
in t im a te  c o n ta c t  o ccu rin g  between t h i s  p r o t e in  and the in va d in g  
b a c t e r i a ,  i t  may be a key element in  th e  r e c o g n i t io n  p r o c e s s .  
Genes f o r  n i t r o g e n  f i x a t i o n  in  Rhizobium are  d iv id e d  in to  two 
groups: nif genes are those  w ith  homologs in  f r e e - l i v i n g
n i t r o g e n  f i x a t i o n  systems such as Klebsiella w h ile  fix genes
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are  those genes r e q u ir e d  f o r  sy m b io tic  n i t r o g e n  f i x a t i o n  but 
whose fu n c t io n  i s  n o t  analogous to  any f r e e - l i v i n g  fu n c t io n .
In Klebsiella pneumoniae t r a n s c r i p t i o n  o f  th e  n i t r o g e n  f i x a t i o n  
genes i s  r e g u la t e d  by the  N ifL  and N ifA  p r o t e in s  which are 
encoded by the  nif LA operon (Gussin et al. , 1986). N ifA  i s  a 
t r a n s c r i p t i o n a l  a c t i v a t o r  which b in d s to  s p e c i f i c  sequences 
upstream o f  nif promoters to  p o s i t i v e l y  c o n t r o l  nif 
t r a n s c r i p t i o n  under a n a ero b ic ,  n i t r o g e n  l i m i t i n g  c o n d it io n s .  
N ifL  i s  a n e g a t iv e  r e g u la t o r  which responds to  in c r e a s in g  
c o n c e n tra t io n s  o f  f i x e d  n i tr o g e n  o r  oxygen to  a n ta g o n is e  the 
a c t io n  o f  N ifA  ( H i l l  et al., 1981) thus p r e v e n t in g  s y n t h e s is  o f  
n itro g e n a se  under in a p p ro p r ia te  c o n d it io n s .  In r h i z o b i a ,  a N ifL  
e q u iv a le n t  has n o t  been i d e n t i f i e d ,  and N ifA  appears to  be 
d i r e c t l y  r e s p o n s iv e  to  oxygen ( A lb r ig h t  et al.,1988; F is c h e r  
and Hennecke, 198 7). The n itr o g e n  enzyme i s  i r r e v e r s i b l y  
i n a c t i v a t e d  by oxygen, so p re v e n tin g  oxygen damage i s  a 
p h y s i o lo g i c a l  c h a l le n g e  to  the n i t r o g e n  f i x i n g  organism . This 
c h a lle n g e  i s  met by the p resen ce  w i t h in  nodules o f  the redI
pigment leghaem oglobin . Leghaemoglobin p r o t e in s  b in d  oxygen 
then r e l e a s e  i t  when the  l o c a l  c o n c e n t ra t io n  drops below  a 
c e r t a i n  l e v e l  thus p ro v id in g  a h ig h  f l u x  f o r  the  Rhizobium to 
use in  r e s p i r a t i o n  b u t in  an environment w ith  low f r e e  oxygen 
(Appleby, 1984). The b a c t e r i a  fa c e  an a d d i t i o n a l  c h a l le n g e  o f  
g e n e ra tin g  enough ATP to  s a t i s f y  the requirem ent f o r  i t  during 
n itro g e n a s e  fu n c t io n .  To t h i s  end the p la n t  s u p p l ie s  carbon 
compounds, d e r iv e d  from p h o to s y n th e s is  i n  the sh o o t ,  to  the 
b a c t e r i a  f o r  g e n e r a t io n  o f  ATP and reduced e l e c t r o n s .  F i n a l l y ,  
the p la n t  i t s e l f  a s s im i la t e s  the prim ary f i x a t i o n  product 
(ammonia) i n t o  glutam ine and o th e r  amino a c id s .
1 . 6 . 5 .  S id ero p h o res  and Sym biosis.
What r o l e ,  i f  any, do s id ero p h o res  p la y  i n  the Rhizobium-legume 
sym biosis?  To d a te ,  t h i s  q u e st io n  remains unanswered.
That h o s t  p la n t s  and in va d in g  r h i z o b ia  must have an adequate 
supply o f  i r o n  f o r  the s y n th e s is  o f  n i t r o g e n a s e ,  hydrogenase, 
fe r r e d o x in ,  leghaem oglobin  and o th e r  i r o n - c o n t a in in g  compounds
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i s  w e l l  i l l u s t r a t e d  by the r e p o r t  t h a t  i r o n  d e f i c i e n c y  
s p e c i f i c a l l y  l i m i t s  nodule development in  peanut p la n ts  
in o c u la te d  w ith  Bradyrhizobium sp. (O'Hara and D ilw o rth ,  1988). 
S e v e r e ly  i r o n - d e f i c i e n t  peanuts (Arachis hypogaea L .)  grown on 
c a lc a re o u s  s o i l s  in  C e n tra l  T h a ila n d  f a i l e d  to  n o d u la te  u n t i l  
g iv e n  f o l i a r  ir o n  a p p l i c a t i o n s .  Nodule i n i t i a t i o n  i n  peanut was 
no t a f f e c t e d  by i r o n - d e f i c i e n c y  as the p ro d u c tio n  o f  numerous 
nodule i n i t i a l s  on the ta p r o o t  o f  peanut s e e d l in g s  growing 
under c o n d it io n s  which l i m i t e d  nodule development showed t h a t  
the b ra d y r h iz o b ia  were a b le  to  i n f e c t  r o o t  t i s s u e s  and invade 
r o o t  c e l l s  b e fo re  i r o n  d e f i c i e n c y  l i m i t e d  sy m b io tic  
development. The most s e n s i t i v e  s ta g e  o f  the peanut sym b iosis  
to  i r o n - d e f i c i e n c y  was e a r l y  nodule development subsequent to 
nodule i n i t i a t i o n .  The prim ary l i m i t a t i o n  appeared to  o ccu r  on 
b r a d y r h iz o b ia l  p r o l i f e r a t i o n  and subsequent b a c t e r o i d  
development. There were m arkedly few er b a c t e r o i d s  p r e s e n t  in  
ro o t  nodules on i r o n - d e f i c i e n t  p la n t s  than in  nodules formed on 
p la n ts  s u p p lie d  w ith  f o l i a r  a p p l ie d  i r o n .  Leghaemoglobin 
s y n th e s is  was a ls o  d e cre a se d  in  nodules formed on i r o n - s t r e s s e dI
p e a n u ts .
The m o b i l i t y  o f  f o l i a r  a p p l ie d  ir o n  has been shown in  a number 
o f  p la n t  s p e c ie s  (Brown et al. , 1965), w ith  a r a p id
t r a n s l o c a t i o n  v i a  the  phloem o f  f o l i a r  a p p l ie d  ir o n  to  a c t i v e l y  
growing re g io n s  in c lu d in g  r o o t  and shoot a p ic e s .  In  t h i s  stu d y , 
the r e s u l t s  show t h a t  the r a p id  response in  nodule development 
fo l lo w in g  f o l i a r  ir o n  a p p l i c a t i o n  i s  as a r e s u l t  o f  an 
in c re a se d  ir o n  su p ply  to  the nodule i n i t i a l s  and the 
b ra d y rh iz o b ia  p r e s e n t  in  the  nodule t i s s u e s .  Rapid b a c t e r i a l  
m u l t i p l i c a t i o n  f o l lo w in g  the in c r e a s e d  ir o n  su p p ly  r e s u l t e d  in  
b a c t e r o id  development.
A f t e r  i n f e c t i n g  r o o t  t i s s u e s ,  r h i z o b ia  are  s u b je c t e d  to  the 
ir o n  c o n c e n tra t io n s  p r e s e n t  in  ro o t  t i s s u e s . A lth ough iro n  
a v a i l a b i l i t y  in  the  s o i l  appeared to  be adequate  f o r  
b r a d y r h iz o b ia l  growth, as the growth and s u r v i v a l  o f  t h i s  
s p e c ie s  was not l i m i t e d  i n  the c a lc a re o u s  s o i l  in  which the 
peanut s e e d lin g s  d eveloped  i r o n - d e f i c i e n c y ,  i t s  a v a i l a b i l i t y  
w ith in  the r o o ts  was n o t .  The l i m i t a t i o n  o f  nodule development
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:by i r o n - d e f i c i e n c y  i s  a consequence, t h e r e f o r e ,  o f  the  p la n t s  
i n a b i l i t y  to  pro vid e  s u f f i c i e n t  i r o n  to  the  i n t e r n a l  s i t e s  o f  
b r a d y r h iz o b ia l  p r o l i f e r a t i o n  a t  a r a t e  adequate f o r  normal c e l l  
d i v i s i o n .  In  t h i s  stu dy , g r e a t e r  s e n s i t i v i t y  to  ir o n  s t r e s s  was 
shown by c u l t i v a r  Tainan 9 than by c u l t i v a r  Robut 3 3 -1 ,  and 
sy m b io tic  development in  c v .  T ainan  9 responded more than t h a t  
o f  c v .  Robut 33-1 to  a l l e v i a t i o n  o f  i r o n - d e f i c i e n c y ,  i n d i c a t i n g  
t h a t  a t  the p la n t  c u l t i v a r  l e v e l  th e re  may be s i g n i f i c a n t  
d i f f e r e n c e s  in  the a b i l i t y  o f  th e  h o s t  p la n t  to  su p p ly  i r o n  to  
the  r h i z o b ia  co n ta in ed  w i t h in  d e v e lo p in g  r o o t  n o d ules. 
A d d it io n a l  evidence  f o r  th e  importance o f  i r o n  in  
n i t r o g e n - f i x i n g  symbioses i s  p ro v id e d  by a mutant o f  Rhizobium 
leguminosarum which forms w h it e ,  i n e f f e c t i v e  nodules on peas 
and has an apparent d e f e c t  in  i r o n  a c q u i s i t i o n  (Nadler e t  al., 
1990). A pproxim ately 12,000 s u r v iv o r s  o f  an 
N -m e th y l-N '-n itro -N -n itro s o q u a n id in e  -m utagenised c u l t u r e  o f  
the e f f e c t i v e  s t r a i n  1062 were examined in  an e f f o r t  to  i s o l a t e  
h e m in -req u ir in g  mutants o f  R.leguminosarum. One c o lo n y ,  s t r a i n  
116 , em itted  a p in k is h - r o s e  f lu o r e s c e n c e  when p l a t e s  b e a r in g  
t h i s  s t r a i n  were e x c i t e d  by lo n g -w a v e le n g th  UV l i g h t .  I t  was 
i n i t i a l l y  presumed t h a t  116 accum ulated the p i n k - f lu o r e s c i n g  
p re c u rso rs  o f  haem due to  a p a r t i a l  b lo c k  in  haem b i o s y n t h e s i s  
and s in c e  s i m i la r  p o rp h y r in -a c c u m u la tin g  mutants had been 
d e s c r ib e d  in  E.coli, (Cox and C h a r le s ,  1973), the m utation  in  
116 was d e s ig n a te d  as pop-1. Exam ination o f  the growth o f  116 
under ir o n  r e p le t e  and i r o n  d e f i c i e n t  c o n d it io n s  showed t h a t  
s t r a i n  116 grew p o o r ly  in  low i r o n  b ro th  b u t grew as w e l l  as 
1062 in  an i r o n - r e p le t e  medium. Supplem entation o f  the  low ir o n  
b ro th  w ith  122/iM FeCl3 r e s u l t e d  in  normal growth o f  116 .  Iro n  
c h e la t i n g  agen ts  such as 8 -h y d r o x y q u in o l in e , n i t r i l o t r i a c e t a t e  
and N -h yd ro xyeth y leth ylen ed iam in e  - t r i a c e t a t e  were l e s s
e f f e c t i v e  than 2 , 2 ' - d i p y r i d y l  in  d is c r im in a t in g  between 116 and 
1062. I t  was found th a t  c i t r a t e ,  d ihydroxybenzoate  and low 
c o n c e n tra t io n s  o f  8 -h y d ro x y q u in o lin e  r e s to r e d  growth o f  116 ,  
w h i le ,  a n t h r a n i l i c  a c id ,  th e  n a t i v e  s id ero p h o re, i n h i b i t e d  
grow th.
The r e s u l t s  i n d ic a t e  t h a t  116  r e t a i n s  the g e n e ra l  a b i l i t y  to
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u t i l i z e  Fe ( i i i )  s o l u b i l i z e d  b y  d iv e r s e  c h e la t o r s  such as 
c i t r a t e  and dihydroxybenzoate  b u t  may be d e f e c t i v e  in  a 
c e l l - b o u n d  element o f  a s p e c i f i c  i r o n  t r a n s p o r t  system . In t h i s  
s tu d y , th e  authors were unable  to  dem onstrate in  s e v e r a l
b io a s s a y s  t h a t  s t r a i n  116 i s  d e f e c t i v e  in  b i o s y n t h e s i s  o f  a 
s id e ro p h o re .  The authors propose t h a t  116  i s  d e f e c t i v e  in  ir o n  
a n t h r a n i la t e  metabolism bu t whether th e  m iss in g  c e l l- b o u n d  
elem ent i s  thought to  be the  o u te r  membrane r e c e p to r  f o r
a n t h r a n i la t e  i s  u n c le a r .  No d i r e c t  d e term in a tio n s  o f
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Fe - a n t h r a n i la t e  uptake r a t e s ,  e s s e n t i a l  f o r  t h i s  c o n c lu s io n  
were p re s e n te d .  The sy m b io tic  p r o p e r t i e s  o f  116 were 
p a r t i c u l a r l y  i n t e r e s t i n g .  The w h ite - g r e e n  c o lo u r  o f  116  nodules 
i d i c a t e d  t h a t  l i t t l e  leghaem oglobin was accum ulated in  th ese  
n o d u le s .  Furthermore, no sy m b io tic  n i tr o g e n a s e  a c t i v i t y  was 
d e te c te d .  Nodule c o r t i c a l  c e l l s  were f i l l e d  w ith  v e s i c l e s  
c o n ta in in g  l a r g e ,  normal a p p ea rin g  b a c t e r o id s  and no
d e g e n e ra t io n  o f  the o r g a n e l le s  o f  the i n f e c t e d  c e l l s  or o f  the 
b a c t e r o i d s  was observed. The a d d i t io n  o f  i r o n  c i t r a t e  or FeCl
3
to  the  p la n t  growth medium a t  up to  10 - f o l d  the u su a lI
c o n c e n t r a t io n  had no e f f e c t  on th e  n i t r o g e n a s e  a c t i v i t y  o f  116 
n o d u le s .  The o b se rv a tio n s  i n d ic a t e  t h a t  pop-1 a r r e s t s  nodule 
development a t  a l a t e  m o rp h o lo g ica l  s t a g e ,  a f t e r  b a c t e r o id  
development and th a t  116 i s  d e f e c t i v e  in  the  i r o n  uptake system 
u t i l i z e d  in  pea ro o t  nodule sy m b io s is .
Two s e t s  o f  o b se rv a tio n s  i n d ic a t e  t h a t  pop-1 causes both  the 
d e f e c t  in  ir o n  a c q u i s i t i o n  and the sy m b io tic  e f f e c t .  R 
p lasm id -m ed iated  mapping s t u d ie s  f a i l e d  to  o b ta in  recombinants 
in  which the two mutant phenotypes were se p a ra te d  g e n e t i c a l l y .  
Seco n d ly , cosmid pKNl from a pLAFRI based  gene bank o f  
R. leguminosarum B155 c o n fe rre d  on 116 the a b i l i t y  to  grow on 
i r o n - l i m i t i n g  medium as w e l l  as f u n c t i o n a l  sy m b io tic  n i t r o g e n  
f i x a t i o n .  T his in d ic a t e s  t h a t  i f  116 c o n ta in s  two c l o s e l y  
l in k e d  m utation s th ey  are w i t h in  about 24kb o f  each o th e r  s in c e  
t h i s  i s  the  s i z e  o f  the c lo n ed  i n s e r t  in  pKNl.
In c o n t r a s t  to  the p re v io u s  r e p o r t  whereby i r o n - d e f i c i e n c y  in 
planta l i m i t s  nodule development in  peanut in o c u la te d  w ith  
Bradyrhizobium sp. , in  t h i s  r e p o r t  i t  i s  the  i n a b i l i t y  o f  the
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invad ing  microorganism  to  a s s im i la t e  i r o n  w hich a r r e s t s  nodule 
development. Presumably the  p la n ts  used to  d e t e c t  th e  sym biotic  
e f f e c t i v e n e s s  o f  s t r a i n  116 were n o t th em selves  i r o n - d e f i c i e n t .  
Thus nodule development proceeded from i n i t i a t i o n  through to 
b a c t e r o id  development as was the ca se  when th e  i r o n  d e f i c i e n c y  
i n  peanuts was c o r r e c te d  w ith  f o l i a r  a p p l i c a t i o n s  o f  i r o n .  This 
would seem to  i n d ic a t e  t h a t  i t  i s  in  the  b a c t e r o i d a l  s t a t e  th a t  
a s p e c i f i c  ( p o s s i b ly  d i f f e r e n t  from th e  e x t e r n a l )  iro n  
a s s im i la t i o n  system i s  needed f o r  th e  o n s e t  o f  n i tr o g e n
f i x a t i o n .  Verma and N adler (1984) e s t im a te  a lo w er l i m i t  f o r  
the ir o n  c o n c e n tra t io n  o f  soybean b a c t e r o i d s  a t  0.5mM, based 
s o l e l y  on th e  i r o n  c o n te n t  and tu rn o v e r  number o f  the 
ir o n - c o n ta in in g  enzyme complex d in i t r o g e n a s e - d in i t r o g e n a s e  
r e d u c ta s e ,  the  r e l a t i v e  b a c t e r o i d  volume o f  r o o t  nodules and 
the d iu r n a l  n i t r o g e n  f i x a t i o n  a c t i v i t y  o f  r o o t  n o d u le s . When 
the ir o n  im p o rta t io n  n e c e s s a ry  f o r  the  s y n t h e s is  o f  o ther
r h i z o b i a l  i r o n  and haem p r o te in s  a long w ith  th e  demand f o r  iro n  
th a t  i s  r e q u ir e d  f o r  the s y n th e s is  o f  the  haem o f  the p la n t  
p r o t e in  leghaem oglobin  i s  in c lu d ed  in  t h i s  e s t im a te ,  i t  i sl
c l e a r  th a t  a s u b s t a n t i a l  iro n  f l u x  in to  b a c t e r o i d s  i s  e s s e n t i a l  
fo r  sy m b io tic  n i t r o g e n  f i x a t i o n .  The in planta r e s u l t s  o f  the
two r e p o r ts  d e s c r ib e d  complement p re v io u s  work on the  e f f e c t s
o f  ir o n  d e f i c i e n c y  on f r e e - l i v i n g  r h i z o b i a  (R o e s s le r  and 
N adler, 1982). The e f f e c t s  o f  i r o n  d e f i c i e n c y  on haem 
b io s y n t h e s is  in  Rhizobium japonicum were examined. Iron 
d e f i c i e n t  c e l l s  had a d ecrea sed  maximum c e l l  y i e l d  and a 
d ecreased  cytochrome c o n te n t and e x c r e te d  p ro to p o rp h y r in  in to  
the growth medium. The a c t i v i t i e s  o f  the  f i r s t  two enzymes o f  
haem b i o s y n t h e s i s , 6-a m in o le v u lin ic  a c i d  sy n th a se  and
5 - a m in o le v u lin ic  a c id  dehydrase were d im in ish ed  in  
i r o n - d e f i c i e n t  c e l l s ,  b u t  were re tu rn e d  to  normal l e v e l s  upon 
a d d it io n  o f  i r o n  to  the c u l t u r e s .  The r e s u l t s  o f  t h i s  study too 
s u g g e s t ,  t h a t  r h i z o b i a l  haem s y n th e s is  i n  th e  legume ro o t  
nodule may be a f f e c t e d  by the r e le a s e  o f  i r o n  from the h o st  
p la n t  to  the  b a c t e r o i d s .
In a d d i t io n  to  th e s e  r e p o r t s , th e re  i s  now e v id e n c e  th a t  iro n  
p la y s  a r e g u la t o r y  r o le  in  the n i t r o g e n  f i x a t i o n  p ro c e ss  as
57
w e l l  as p la y in g  a c e n t r a l  r o l e  as a component o f  compounds such 
as haem and n i t r o g e n a s e .  In  a stu d y  by F is c h e r  e t  al. , 1988, 
the amino a c id  sequence o f  the Bradyrhizobium japonicum 
n itr o g e n  f i x a t i o n  r e g u la t o r y  p r o t e in  N ifA  was a l i g n e d  to  the 
corresponding p r o t e i n  sequences from Klebsiella pneumoniae, 
Rhizobium meliloti and Rhizobium leguminosarum b i o v a r  viciae. 
Between the c e n t r a l  and the DNA b in d in g  domains, an interdom ain 
l i n k e r  re g io n  was i d e n t i f i e d  which was co n se rv e d  in  a l l  
r h i z o b i a l  s p e c ie s  b u t  m iss in g  in  the K.pneumoniae N ifA  p r o t e in .  
Two conserved c y s t e i n e  r e s id u e s  in  t h i s  r e g io n ,  once changed 
to  s e r in e  r e s id u e s  by o l i g o n u c l e o t i d e  d i r e c t e d  m utagen esis , 
r e s u l t e d  in  a b s o l u t e l y  i n a c t i v e  NifA mutant p r o t e i n s .  In the 
interdom ain l i n k e r  r e g io n  o f  the R.meliloti N ifA  p r o t e in ,  the 
sequence Cys-X^-Cys-Xg-H is-Cys-X -H is p e r f e c t l y  f u l f i l l s  the 
c r i t e r i a  by which Berg (1986) d e fin e d  a p o t e n t i a l  m e ta l-b in d in g  
s i t e  in  a v a r i e t y  o f  n u c l e i c  a c id  b in d in g  p r o t e i n s .  In the 
corresponding B .japonicum sequence some o f  the  amino a c id s  are 
r e p la c e d  by t y r o s in e  or l y s i n e  which co u ld  a l s o  s e r v e  as m etal 
b in d in g  c o o r d in a te s . I
Experim ental r e s u l t s  show t h a t  the in vivo a c t i v a t i o n  o f  a 
nifD'-lacZ fu s io n  in  E.coli by the B.japonicum N ifA  p r o te in ,  
b u t not by th e  K.pneumoniae N ifA p r o t e in ,  was s t r o n g ly  
s e n s i t i v e  to  the  a d d i t io n  o f  > 3mM EDTA to  th e  growth medium. 
A f t e r  the a d d i t io n  o f  M e ( i i )  (Me=metal) to  the  medium, the 
i n h i b i t o r y  e f f e c t  o f  EDTA was overcome e i t h e r  f u l l y  by F e ( i i )  
or p a r t l y  by C d ( i i ) , C u ( i i ) ,  M g ( i i ) ,  M n ( i i ) ,  N i ( i i )  or Z n ( i i ) .  
Using the c h e la t o r  o -p h e n a n th ro lin e  (which b in d s fe r r o u s  iron ) 
i t  was found t h a t  a c o n c e n tra t io n  as low as 0.03mM s t r o n g ly  
i n h i b i t e d  NIFA a c t i v i t y  i n  medium w ith ou t added FeSO  ^ but not 
in  normal medium c o n ta in in g  iro n .  The r e s u l t s  s u g g e s t  t h a t  the 
form ation  o f  a c t i v e  r h i z o b i a l  NifA p r o t e in s  r e q u ir e s  the 
p resen ce  o f  d i v a l e n t  m etal io n s .  I t  was a ls o  shown t h a t  the  in 
vivo a c t i v i t i e s  o f  the N ifA  p r o te in s  o f  B.japonicum and to  a 
l e s s e r  e x te n t ,  a l s o  o f  R.meliloti, but n o t  o f  K .pneumoniae, are 
s e n s i t i v e  to  oxygen.
A working h y p o th e s is  was proposed to p ro v id e  a co n n ectio n  
between th ese  o b s e r v a t io n s .  A m e ch a n istic  model i s  c o n c e iv a b le
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in  which a m etal ( e . g .  F e ( i i ) )  would b in d  i n  i t s  reduced s t a t e  
to  the interdomain l i n k e r  thus a id in g  the c o r r e c t  p o s i t i o n i n g  
o f  the DNA b in d in g  domain in  o rd er  to  form an a c t i v e  N ifA  
p r o t e in .  Under a e ro b ic  c o n d it io n s  the m etal io n  may be o x id i s e d  
and unable to  b ind  to  N ifA  w ith  the r e s u l t  t h a t  the  p r o t e i n  i s  
now i n a c t i v e .  Furthermore, i t  may be p o s s i b le  th a t  t h i s  m etal 
i s  more f i r m ly  bound to  the  R.meliloti N ifA  p r o t e in  than to  the 
B .japonicum N ifA  p r o t e in  b ecau se  the a c t i v i t y  o f  the  form er i s  
l e s s  s e n s i t i v e  to  both  oxygen and c h e l a t o r s .  A s i m i l a r i t y  to  
th e  f e r r i c  uptake r e g u la t i o n  p r o t e in  o f  E.coli, Fur, was made 
by the au th o rs . Fur has been p u r i f i e d  and shown to  r e g u la t e  
a e r o b a c t in  operon e x p r e s s io n  in vitro in  the p resen ce  o f  F e ( i i )  
b u t  n o t  F e ( i i i ) .  Most i n t e r e s t i n g  was the o b s e r v a t io n  t h a t  
a n a ero b ic  c o n d it io n s  were n e c e s s a r y  to  dem onstrate t h i s  
r e g u la t io n .  Another comparison was made to  the  E.coli Fnr 
p r o t e in  which p o s i t i v e l y  r e g u l a t e s  a number o f  a n a e r o b i c a l ly  
e x p re sse d  genes. The p r o t e in  c o n ta in s  the p o t e n t i a l  redox 
a c t i v e  sequence Cys-X2-H is-C ys-X 2-Cys (Unden and G uest, 1985). 
The p r o te in  i s  i n a c t i v a t e d  by m utagenesis o f  th e  second
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c y s t e i n e  to s e r in e  and the a c t i v i t y  o f  Fnr appears to  be ir o n  
dependent in vivo.
S i m i l a r i l y ,  i t  was r e c e n t l y  shown (Henderson et al., 1989) t h a t  
the  a b i l i t y  o f  the Klebsiella pneumoniae nifL gene pro d u ct  to  
a n ta g o n ise  NifA m ediated t r a n s c r i p t i o n a l  a c t i v a t i o n  from the 
n ifH  promoter in  vivo was i n h i b i t e d  e i t h e r  by m etal d e p r iv a t io n  
or by the p resen ce  o f  the  ir o n  c h e la t o r s  EDDA or D e s f e r a l  in  
the growth medium. I n h i b i t i o n  o f  the  r e p r e s s i v e  a c t i v i t y  o f  
N ifL  was re v e rse d  by the a d d i t io n  o f  fe r r o u s  or manganous ions 
to  the  medium b u t was u n a f f e c t e d  by o th e r  t r a n s i t i o n  m e ta ls .
The evidence  p re se n te d  thus f a r  dem onstrates th a t  i r o n  p la y s  a 
key r o le  in  sym b io tic  n i t r o g e n  f i x a t i o n .  The involvem ent o f  
s id ero p h o res  in  t h i s  p r o c e s s  has y e t  to  be dem onstrated b u t 
knowledge o f  how r h i z o b ia  a c q u ire  ir o n  should  h e lp  fu r t h e r  
und erstand ing o f  t h i s  im portant sy m b iosis .
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1 . 6 . 6  S lderophores produced by Ehizobium s p e c i e s .
The la r g e  q u a n t i t ie s  o f  i r o n  u t i l i z e d  in  th e  Rhizobium-legume 
sym biosis  prompted the i n v e s t i g a t i o n  o f  th e  h ig h  a f f i n i t y  ir o n  
t r a n s p o r t  system o f  Rhizobium meliloti b u t  to  d ate  no r o l e  f o r  
the e x t e r n a l  s id erop hore  in  sy m b io t ic  i r o n  a c q u i s i t i o n  by 
Rhizobium meliloti or any o th e r  s p e c i e s  t e s t e d ,  has been 
d e s c r ib e d .
Once the  c o lo u r im e tr ic  a s s a y s  f o r  c a t e c h o l  and hydroxamate had 
been r e p la c e d  w ith  an e q u a l ly  s e n s i t i v e  y e t  l e s s  r e s t r i c t i v e  
b a c t e r i a l  i r o n  n u t r i t i o n  b io a s s a y ,  i t  became p o s s i b le  to  d e t e c t  
and i s o l a t e  R h iz o b a c tin ,  the  a t y p i c a l  s id e ro p h o re  o f  Rhizobium 
meliloti DM4 (Smith and N e i la n d s ,19 8 4 ).  Based on the 
s u p p o s it io n  t h a t  a f u n c t io n a l  h ig h  a f f i n i t y  ir o n  tr a n s p o r t  
system  would be e s s e n t i a l  f o r  the  Rhizobium-legume sy m b iosis ,  
b a c t e r i a l  i r o n  n u t r i t i o n  b io a s s a y s  were performed on s e v e r a l  
a d d i t i o n a l  i s o l a t e s  o f  R. meliloti. Only s i x  o f  the t h i r t e e n  
i s o l a t e s  t e s t e d  were s t im u la te d  by r h i z o b a c t i n .  The r e s u l t  was 
u n a n t ic ip a te d  because i t  i n d ic a t e d  t h a t  a r h iz o b a c t in - b a s e d  
ir o n  tr a n s p o r t  was n o n - fu n c t io n a l  in  s e v e r a l  o th e r  R.meliloti
i
s t r a i n s , b u t  c o n s id e r in g  the s t r a i n  s p e c i f i c i t y  d is p la y e d  by
many Pseudomonas s t r a i n s  w ith  re g a rd  to  p ro d u c tio n  and uptake 
o f  s id e r o p h o r e s , t h i s  r e s u l t  i s  n o t  un u su al.
In a subsequent study (Smith et al., 198 5), the  s t r u c t u r e  o f  
r h i z o b a c t i n  was e lu c id a t e d  and p r e s e n te d  as an aminopoly
c a r b o x y l i c  a c id ,  thus e x ten d in g  th e  typ es  o f  m ic r o b ia l
s id e ro p h o res  to  th re e  d i s t i n c t  c l a s s e s .  R h iz o b a c tin ,
2  g
N - [ 2 - [ (1 - c a r b o x y e th y l)a m in o ]e th y l] -N  - (3 -ca rb o xy -3 -h y d ro xy  
- 1 - o x o p r o p y l ) l y s i n e , co n ta in s  e th y le n e d ia m in e -d ic a r b o x y l  and 
a -h y d ro x y c a rb o x y l m o ie t ie s  as m etal c o o r d in a t in g  l ig a n d s ,  the 
eth y len ed iam in e  group b e in g  n o v e l  as a n a t u r a l  pro d u ct.  The 
a -h y d ro x y c a rb o x y la te  l ig a n d  o f  r h i z o b a c t i n ,  p re s e n t  as a 
malamic a c id  s u b s t i t u e n t ,  has been found in  two a d d i t io n a l  
ty p e s  o f  s id e ro p h o re . Three members o f  a mixed
catech ol-h yd ro xam ate  type c o n ta in  ¿8-hydroxyaspartic  a c id  (Yang 
and Leong, 1984). I t  i s  a ls o  p r e s e n t  as c i t r a t e  in  the th re e  
c itra te -h y d ro x a m a te  type s id e ro p h o re s .
B es id e s  the m ic r o b ia l  p ro d u c ts ,  f i v e  homologues o f  amino a c id s
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from graminaceous p la n t s ,  re g a rd e d  as p o s s ib le
p h y to s id e ro p h o r e s , c o n ta in  ce-h yd ro xycarbo xylate  and
a -a m in o -c a rb o x y la te  l ig a n d s .  A s i x t h  hom ologue, c o n ta in in g
th re e  a m in o -c a rb o x y la te  l ig a n d s  has been i s o l a t e d  from d iv e r s e
v a s c u la r  p la n t s  (Budesinsky e t  al. ,1980). Among such p la n ts  i s
a l f a l f a ,  a sy m b io tic  h o s t  o f  th e  b a c te r iu m  which e x c r e te s
r h iz o b a c t in .  The p h yto sid ero p h o res  d i s p l a y  s tr o n g  c o o r d in a t io n
p r o p e r t ie s  toward d is s i m i la r  d iv a le n t  and t r i v a l e n t  m etals
(Sugiura  et al. , 19 8 1) .  R h iz o b a c t in 's  s i m i l a r  fe a t u r e s  may
modify the  n o t io n  th a t  s id e ro p h o res  c o n ta in  v i r t u a l l y
f e r r i c - s p e c i f i c  l ig a n d s  and the b i o l o g i c a l  f u n c t io n  o f  th ese
compounds may exten d  beyond iro n  t r a n s p o r t .  Smith and N eilands
(1984) note  t h a t  a s t r a i n  s p e c i f i c  s y n t h e s i s / u t i l i z a t i o n  o f
unusual amino/imino c a r b o x y l ic  a c id s ,  termed o p in e s ,  produced
by p la n t  c e l l s  transform ed by Agrobacterium s p p . ,  may prove to
be o f  g e n e r a l  r e fe r e n c e  to  b a c t e r i a  w i t h in  the Rhizobiaceae
fa m ily .  In a subsequent re p o rt  Smith and N eilan d s (1987)
d is c u s s  the s t r u c t u r e  o f  r h iz o b a c t in  in  th e  c o n te x t  o f  i t
2
p ro v id in g  a new b io c h em ic a l a c t i v i t y  f o r  an N - s u b s t i t u t e dI
amino a c id ,  namely ir o n  a s s im i la t i o n .  Due to  the  s t r u c t u r a l  
r e la te d n e s s  o f  r h i z o b a c t i n  and the o p in e s ,  the  s t r a i n - s p e c i f i c  
p a t te r n s  o f  r h i z o b a c t i n  and opine s y n t h e s i s / u t i l i z a t i o n ,  and 
the c h e la t i n g  a b i l i t y  o f  th ese  N - s u b s t i t u t e d  amino a c id s ,  the 
authors conclude th a t  r h iz o b a c t in  i s  b io c h e m ic a l ly  r e l a t e d  to 
the o p in e s, s u g g e s t in g  th a t  some opin es a re  ca p a b le  o f  iro n  
t r a n s p o r t .  As d e f in e d  by Tempe et al. (19 8 2 ), opines are  "
substances s y n th e s iz e d  by the c e l l s  o f  the  h o s t  p la n t  in  
response to  a st im u lu s  o f  the pathogen. T h e ir  p resen ce  c r e a te s  
fa v o u ra b le  environm ental c o n d it io n s  f o r  the  pathogen and 
c o n tr ib u te  to  i t s  d is s e m in a t io n " .
Agrobacterium tumefaciens s t r a i n s  B6 and a B6 d e r i v a t i v e  cured 
o f  pTiB6806 (A217) produce a p h e n o la te - ty p e  sid ero p h o re, 
a g r o b a c t in .  I t  i s  worth n o tin g  t h a t  v i r t u a l l y  a l l  mutants (17 
out o f  18) o f  A217 which were d e f e c t i v e  i n  the s y n th e s is  o f  
a g r o b a c t in ,  r e t a i n e d  t h e i r  v i r u l e n t  phenotype on sunflow er 
p la n ts  and on c a r r o t  r o o t  d is c s  a f t e r  pTiB6806 was re in tro d u c e d  
(Leong and N e i la n d s ,1 9 8 1 ) .  Chromatographic a n a ly s e s  and
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b io a s sa y s  f a i l e d  to  demonstrate the p re se n ce  o f  a g r o b a c t in  in  
p la n t  t i s s u e  i n f e c t e d  w ith  A.tumefaciens B6. Given the 
importance o f  ir o n  in  m ic r o b ia l  m etabolism , i t  i s  l i k e l y  th a t  
a g ro b a c tin -p ro d u c in g  s t r a i n s  o f  Agrobacterium s y n t h e s iz e  or 
u t i l i z e  a d d i t i o n a l  s id ero p h o res  under p a r t i c u l a r  growth 
re g im e s. E xperim ental ev iden ce  i n d ic a t e s  t h a t  o p in es  co u ld  
f u l l f i l l  t h i s  r o l e .  The s i t u a t i o n  w ith  r e s p e c t  to  Rhizobium 
spp. appears to  be s i m i la r  in  t h a t  no r o l e  f o r  a f r e e - l i v i n g  
siderophore i n  sym b iosis  has been d e s c r ib e d  y e t  i t  has been 
c l e a r l y  dem onstrated t h a t  ir o n  i s  a b s o l u t e l y  n e c e s s a r y  f o r  t h i s  
p ro c e ss .  That a s p e c i f i c  uptake system f o r  i r o n  may e x i s t  in  
b a c te r o id s  has been su g g e ste d  by the work c a r r i e d  o u t by N adler 
et al.,(1990) ( a lr e a d y  d is c u s s e d ) ,  b u t  how t h i s  i r o n  i s  
su p p lied  to  the  b a c t e r o i d s  remains to  be determ ined.
1 . 6 . 7  G en etic  a n a l y s i s  o f  r h iz o b a c t in  p ro d u c t io n .
The development o f  a U n iv e r s a l  Chemical A ssa y  f o r  th e  d e t e c t i o n  
o f  s id ero p h o res based  s o l e l y  on t h e i r  a b i l i t y  to  c h e la t e  iro nI
and not on s t r u c t u r e ,  paved the way f o r  e a s y  d e t e c t i o n  o f  
sid erop hores such as the a t y p i c a l  r h i z o b a c t i n  (Schwyn and 
N e i la n d s ,1987) . The a ss a y  has a ls o  proved e x tre m e ly  u s e f u l  fo r  
i n v e s t i g a t i o n  o f  the  m o lecu la r  g e n e t ic s  o f  s id e ro p h o re  system s.
G i l l  and N eiland s (1989) re p o rte d  on the c lo n in g  o f  a genomic 
re g io n  re q u ire d  f o r  a h i g h - a f f i n i t y  iro n -u p ta k e  system  in  
Rhizobium meliloti 1021. Using the Chrome A z u ro l  S u n i v e r s a l  
chem ical a s s a y ,  a c o l l e c t i o n  o f  transp oson  induced mutants o f  
Rhizobium meliloti 1021 d e f e c t i v e  in  s id e ro p h o re-m e d ia te d  ir o n  
a s s im i la t i o n  were o b ta in e d  and c l a s s i f i e d  as b i o s y n t h e t i c ,  
tr a n s p o r t ,  o r  r e g u la t o r y .  The a ss a y  depends on a b lu e  dye (a 
te r n a r y  complex o f  chrome a z u ro l  S , a d e te r g e n t  and iron ) 
se r v in g  as an i n d i c a t o r .  When a s tro n g  c h e l a t o r  removes ir o n  
from the dye i t  tu rn s  from b lu e  to  o ra n g e . On a g ar  p l a t e s , 
mutants e x h i b i t i n g  no orange h a lo  and anable  to  grow on iro n  
c h e la to r  medium were c l a s s i f i e d  as b i o s y n t h e t i c ,  Rzb , mutants 
producing la r g e  h a lo e s  and anable  to  grow on i r o n  c h e la t o r
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medium were c l a s s i f i e d  as d e f e c t i v e  in  the  uptake o f  the  f e r r i c  
r h iz o b a c t in  1021 complex, Rbu , w h ile  mutants prod ucing  a la r g e  
h a lo  b u t a b le  to  grow on i r o n  c h e la t o r  medium o r  medium 
c o n ta in in g  h ig h  i r o n  c o n c e n tra t io n s  were c l a s s i f i e d  as 
d e f e c t i v e  in  a n e g a t iv e  r e g u la t o r y  f u n c t io n  f o r  r h i z o b a c t i n  
1 0 2 1 ,Rbr . The Rbu c l a s s  o f  mutants were not i n v e s t i g a t e d
because none o f  the  mutants o f  th e  th re e  c la s s e s  i s o l a t e d  was 
d e f e c t i v e  in  the p ro d u c tio n  o f  any o f  the  lo w -iro n - in d u c e d  
o u te r  membrane p r o t e in s  . s u g g e s t in g  t h a t  a f e r r i c - s i d e r o p h o r e  
o u te r  membrane r e c e p to r  p r o t e in  was n o t encoded by a gene 
r e q u ir in g  the e x p r e s s io n  o f  s id e ro p h o re  p ro d u c tio n  genes and 
was not the s i t e  o f  the Rbu m u ta tio n s.
Using a cosmid l i b r a r y  o f  R.meliloti 1021 a l l  o f  the  Rzb 
mutants were complemented and the s i t e  o f  the  Rbr m utation s 
l o c a l i z e d  w ith in  a s i n g l e  genomic r e g io n ,  i n d i c a t i n g  t h a t  the 
genes re q u ire d  f o r  s id ero p h o re  b i o s y n t h e s i s  and p o s s i b l y  i t s
r e g u la t io n  are  c lu s t e r e d  in  the  genome. Complete
c h a r a c t e r i z a t i o n  o f  the s t r u c t u r e  o f  r h i z o b a c t i n  1021 and
i d e n t i f i c a t i o n  o f  the genes r e q u ir e d  f o r  i t s  b i o s y n t h e s i s{
remain to  be determ ined in  ord er  to  e s t a b l i s h  th a t  a l l  o f  the 
b i o s y n t h e t ic  genes have been i s o l a t e d  in  t h i s  stu dy .
N odulation  t e s t s  perform ed on a number o f  mutants showed th a t  
nodules were formed by mutants r e p r e s e n t a t iv e  o f  e v e ry  c l a s s  
u s in g  standard n o d u la t io n  medium. A d ju s t in g  th e  ir o n  c o n te n t  o f  
the medium to  a much low er l e v e l  d id  not i n h i b i t  nodule 
form ation a lthough nodules were s m a l le r ,  l e s s  c o lo u re d  and the 
p la n ts  e x h ib i t e d  some c h l o r s i s .  Because the nodules c o n ta in e d  
v i a b l e  b a c t e r i a  i t  was concluded t h a t  the r h i z o b i a l  i r o n  
a s s im i la t i o n  system se rv e s  no obvious r o l e  in  n o d u la t io n  or 
b a c t e r o id  development.
As in  the case  o f  Pseudomonas s p p . , the r h i z o b i a l  h i g h - a f f i n i t y  
iron -u p tak e  system may f u n c t io n  i n  the  co m p e tit io n  among s o i l  
microbes f o r  a c c e s s  to  a v a i l a b l e  ir o n  and may enhance s u r v i v a l  
o f  the f r e e - l i v i n g  form. C a r i l l o  and P e r a l t a  (1988) r e p o r t  
s id e r o p h o r e - l ik e  a c t i v i t i e s  in  Rhizobium phaseoli. N in eteen  out 
o f  f i f t y - t w o  s t r a i n s  o f  R.phaseoli showed s i d e r o p h o r e - l i k e  
a c t i v i t y  when b io a s s a y e d  a g a i n s t  Xanthomonas campestris
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p v .p h a s e o l i  CBP123 and Pseudomonas syringae p v .p h a s e o l i c o l a  
(Psp) in  low ir o n  medium. Whereas te n  o f  the su p ern ata n ts  
i n h i b i t e d  bo th  pathogens, one s t r a i n ,  R.phaseoli CPMEX 
p r e f e r e n t i a l l y  i n h ib i t e d  Psp w h ile  R.phaseoli CPMEX 26 
i n h i b i t e d  Xanthomonas campestris. I t  was a l s o  dem onstrated t h a t  
the  t w e n ty - fo ld  co n cen tra te d  sp en t media from two R.phaseoli 
s t r a i n s  d im inished the n e c r o t i c  and c h l o r o t i c  damage caused  by 
CBP123 and Psp on the le a v e s  o f  p la n t s  o f  P .vulgaris i n  th e  
greenhouse. T his re p o r t  may i n d ic a t e  t h a t  the  r o l e  o f  e x t e r n a l  
s id e ro p h o res  i n  Rhizobium i s  s i m i l a r  to  the r o l e  o f  
s id e ro p h o res  in  Pseudomonas s p p . , i . e . ,  a s s i m i l a t i o n  o f  i r o n  
th e re b y  d e p r iv in g  path o gen ic  b a c t e r i a  and o th e r  competing 
b a c t e r i a  p r e s e n t  in  the r h iz o s p h e r e .  A s i t u a t i o n  c o u ld  be 
in v is a g e d  whereby one Rhizobium s t r a i n  producing a s id e ro p h o re  
co u ld  outcompete another Rhizobium s t r a i n  not prod ucing  a 
s id ero p h o re  or producing one w ith  l e s s  a f f i n i t y  f o r  i r o n .  I t  
has a lr e a d y  been shown th a t  R.meliloti DM4 and R.meliloti 1021 
produce d i f f e r e n t  s id ero p h o res which each s t im u la te  the growth 
o f  the source organism, b u t which a n ta g o n iz e  the growth o f  the 
o th e r  ( G i l l  and N e i la n d s ,1989).
Other s id e ro p h o res  i s o l a t e d  from Rhizobium s p e c ie s  in c lu d e  a 
c a t e c h o l - l i k e  sid erop hore  from cowpea Rhizobium RA-1 i s o l a t e d  
by Modi et al. , (1985). C o lo u r im e tr ic  a ssa y s  and t h i n - l a y e r  
chromatography i d e n t i f i e d  2,3-DHBA as a component o f  the 
s id e ro p h o re , w h ile  h y d r o ly s is  s t u d i e s  r e v e a le d  the p re se n ce  o f  
th reo n in e  and g ly c i n e .  P u te l  et al. , (1988) i s o l a t e d  and
p a r t i a l l y  c h a r a c t e r iz e d  a p h en o la te  s id e ro p h o re  from Rhizobium 
leguminosarum IARI102. Again, 2,3-DHBA was d e te c te d  as the main 
component w ith  threonine  as the amino a c i d  c o n ju g a te .
P ro d u ctio n  o f  a s id erop hore  by Bradyrhizobium japonicum 61A152 
was d e te c te d  by G uerinot et al.,(1990) u s in g  the chrome a z u r o l  
S a s s a y .  T h in - la y e r  chromatography in  com bination w ith  
h i g h - v o l t a g e  paper e le c t r o p h o r e s is  and a s p e c i f i c  enzyme a s s a y ,  
i d e n t i f i e d  the  s id erop hore  as c i t r i c  a c id .  That f e r r i c  c i t r a t e  
co u ld  s e rv e  as an iro n  so u rce  was confirm ed by growth and 
t r a n s p o r t  a s s a y s .  This i s  th e  f i r s t  r e p o r t  o f  c i t r i c  a c id  
r e le a s e  in  response to  ir o n  s t r e s s  by a rh iz o sp h e re  b a cteriu m .
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A number o f  s o i l - i n h a b i t i n g  fu n g i  have been  shown to  r e le a s e  
both c i t r i c  and m a lic  a c id ,  w h ile  r e l e a s e  o f  o rg a n ic  a c id s  in  
response to  i r o n  s t r e s s  i s  w e l l  documented f o r  Neurospora 
crassa (Winkelmann, 1979) . The f i n d in g  t h a t  o n ly  one o f  twenty 
s t r a i n s  t e s t e d  produced c i t r i c  a c i d  adds to  the  growing 
eviden ce  t h a t  r h i z o b ia  e x h i b i t  s t r a i n - t o - s t r a i n  v a r i a t i o n  in  
the a b i l i t y  to  produce p a r t i c u l a r  s i d e r o p h o r e s . B ra d y rh izo b ia  
as a group may n o t p o ssess  h i g h l y  d e v e lo p e d  i r o n  a c q u i s i t i o n  
system s, h a v in g  e v o lv e d  in  the a c id  s o i l s  o f  the  t r o p i c s ,  where 
ir o n  i s  more r e a d i l y  a v a i l a b l e  than in  n e u t r a l  or h ig h  pH 
s o i l s .  Whether th e  low in c id e n c e  o f  s id e ro p h o re  p ro d u ctio n  
re p o rte d  in  t h i s  stu dy tu rn s out to  be a g e n e r a l  p r o p e r ty  o f  
b r a d y r h iz o b ia l  s t r a i n s  remains to  be determ ined. In  a d d it io n  to 
f u n g i , many p la n t s  are a ls o  known to  accum ulate  and/or r e le a s e  
c i t r i c  a c id  under iro n  s t r e s s  (Landsbreg, 1 9 8 1) .  Soybeans have 
been shown to  t r a n s p o r t  ir o n  as f e r r i c  c i t r a t e ,  xylem f l u i d  
c o n ta in in g  5 to  6 /¿M f e r r i c  c i t r a t e  w ith  c i t r i c  a c id  p r e s e n t  a t  
1 to  2 mM ( T i f f i n ,  1970) . T h e refo re  i t  i s  n o t  s u r p r is in g  th a t  
B.japonicum can u t i l i z e  f e r r i c  c i t r a t e  as an ir o n  source  s in c e  
i t  encou nters  i t  in  the rh iz o sp h e re  and the p la n t  i t s e l f .  A l l  
the B .japonicum s t r a i n s  t e s t e d  were found to  be a b le  to  use 
f e r r i c  c i t r a t e  as an iro n  source .
1 .7  Iro n  a c q u i s i t i o n  in  Higher P la n t s .
Apart from ir o n  a c q u i s i t i o n  by b a c t e r i a  and fu n g i  in  the s o i l ,  
p la n ts  have a l s o  developed systems f o r  the  uptake o f  iro n . 
There i s  no doubt th a t  the r o o t - s o i l  i n t e r f a c e  (rh iz o sp h e re )  
p la y s  an im portant r o le  in  t h i s  p r o c e s s .  P la n ts  adapted to  s o i l  
w ith  low i r o n  a v a i l a b i l i t y  ( e .g .  c a lc a r e o u s  s o i l s )  have e vo lve d  
v a r io u s  i r o n - d e f ic ie n c y - in d u c e d  a d a p ta t io n  mechanisms to 
m o b il iz e  i r o n  in  the rh izo sp h ere  and to  enhance uptake and 
t r a n s l o c a t i o n  from ro o t  to  sh oot.
P la n ts ,  t h e o r e t i c a l l y ,  can enhance i r o n  s o l u b i l i t y  and hence 
a v a i l a b i l i t y  b y  s e v e r a l  ways: 1) R e le a s e  o f  re d u c in g  compounds 
from the r o o t s ,  2) R elease  o f  p ro to n s which f a c i l i t a t e  iro n
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s o l u b i l i t y  as w e l l  as n e t  r a t e  o f  Fe r e d u c t io n ,  3) R e le a se  o f  
exudates w ith  i r o n  c h e la t i n g  c h a r a c t e r ,  and 4) enhanced ro o t  
s u r fa c e  a rea  to  support the  v a r io u s  p h y s i o l o g i c a l  p r o c e s s e s  f o r  
ir o n  m o b i l i z a t i o n  i n  the rh iz o s p h e re .  H igher p la n t s  do not 
p o ssess  each o f  th e  above mentioned a d a p t iv e  mechanisms, but 
d i s t i n c t  d i f f e r e n c e s  e x i s t  among p la n t  s p e c i e s . These 
d i f f e r e n c e s  i n  response  to  ir o n  d e f i c i e n c y  have been c l a s s i f i e d  
in to  two groups or s t r a t e g i e s .
3+S tr a te g y  I i s  p r i m a r i ly  c h a r a c t e r i z e d  by an in d u c ib le  Fe 
re d u c t io n  p r o c e s s ,  and in  some c a se s  by an in d u c ib le  proton  
r e le a s e .  S t r a t e g y  I I  i s  c h a r a c t e r i z e d  by a r e l e a s e  o f  s p e c i f i c  
c h e la to r s  (p h yto s id e ro p h o res)  f o r  the  m o b i l i z a t i o n  and uptake
3+
o f  Fe and i s  c o n f in e d  to  the g r a s s e s .
S tr a te g y  I :  Chaney et al. , (1972) showed t h a t  a d d i t io n  o f
fe rro u s  c h e la t o r s  i n h i b i t e d  uptake o f  i r o n  from f e r r i c  c h e la t e s  
by soybean. T h is  dem onstrated th a t  f e r r i c  c h e la t e s  must be 
reduced b e fo r e  u ptake. I t  was proposed t h a t  t r a n s f e r  o f  
e le c t r o n s  from the  c y t o s o l  to  the e x t r a c e l l u l a r  f e r r i c  compound 
a cro ss  the plasm a membrane took p la c e .  B i e n f a i t  (1988) proposedI
th a t  two d i f f e r e n t  plasma membrane redox system s e x i s t  in  p la n t  
c e l l s ;  a s ta n d a rd  system p r e s e n t  in  a l l  c e l l s  found ca p a b le  o f  
reducing f e r r i c y a n i d e  o n ly  and h a v in g  n o th in g  to  do w ith  iro n  
tr a n s p o r t ,  and a Turbo system induced by i r o n  sh o rta g e  in  the 
r o o t  epiderm al c e l l s .  The fu n c t io n  o f  t h i s  system  i s  to  produce 
fe rro u s  ions f o r  i r o n  u ptake. NADPH i s  proposed as th e  e le c t r o n  
donor f o r  the  turbo  re d u c ta s e  and i t s  mechanism o f  a c t io n  i s  
p re se n te d  d ia g r a m a t ic a l ly  in  F i g .(1-12
TURBO
PLASMA 
MEMBRANE
3+
Another f r e q u e n t l y  observed  c h a r a c t e r i s t i c  o f  s t r a t e g y  I i s  an
2Fe3+c h e la te
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AT Pase-driven p roton  pump (Romheld e t  al., 1984). I t  has been
proposed th a t  t h i s  p roton  pump fu n c t io n s  to  low er the pH i n  the
rh iz o sp h e re ,  the enhanced a c i d i f i c a t i o n  under ir o n  d e f i c i e n c y
c o n d it io n s  r e s u l t i n g  in  an in c r e a s e d  s o l u b i l i t y  o f  in o r g a n ic  
3+Fe compounds. The major f a c t o r s  a f f e c t i n g  ir o n  a c q u i s i t i o n  
are  pro bably  the a c t i v a t i o n  o f  b o th  the plasma membrane-bound 
re d u c ta s e s  and the  r e le a s e  o f  re d u c in g  compounds.
S tr a t e g y  I I :  P la n t  s p e c ie s  t h a t  p o ss e ss  s t r a t e g y  I I  have two 
main c h a r a c t e r i s t i c s ,  1) an ir o n  d e f ic ie n c y - in d u c e d  r e l e a s e  o f  
i r o n  m o b i l is in g  compounds (p h yto s id e ro p h o res)  and 2) a 
r e g u la te d  membrane t r a n s p o r t  system f o r  f e r r a t e d  
p h y to s id e ro p h o re s .
Roots o f  g ra s s e s  w ith  ir o n  d e f i c i e n c y  r e l e a s e  enhanced amounts 
o f  compounds which can s o l u b i l i z e  in o rg a n ic  i r o n  i . e .  f e r r i c  
h yd roxid e . These ro o t  exudates or p h yto s id e ro p h o re s ,  have been 
i d e n t i f i e d  as v a r io u s  hydroxy and amino s u b s t i t u t e d  
im in o c a rb o x y lic  a c id s .  M ugineic a c id  and a v e n ic  a c id ,  
ch e m ic a l ly  r e l a t e d  to  n ic o t in a m in e , are  two examples o f  
ph yto sid ero p h o res (Takagi e t  al.,1984). Romheld e t  a l . , ( 1 9 8 7 )I
showed th a t  as a consequence o f  the  enhanced r e l e a s e  o f  
ph yto sid ero p h o res by ir o n  d e f i c i e n t  b a r le y  p la n t s ,  th e  uptake 
r a t e  o f  iro n  s u p p lie d  as s p a r i n g ly  s o lu b le  f e r r i c  h y d ro x id e  i s  
about 100 times h ig h e r  compared to  p la n ts  w ith  s u f f i c i e n t  i r o n .  
In a d d it io n ,  the uptake r a t e  o f  i r o n  by b a r le y  p la n t s  i s  about 
80 times h ig h e r  than t h a t  f o r  ir o n  d e f i c i e n t  p o ta to  p la n t s  
which i s  c o n s is t e n t  w ith  the  f a c t  th a t  p o ta to  p la n t s  do not 
r e le a s e  p h yto s id e ro p h o res . Rates o f  i r o n  uptake by b a r l e y  ro o ts  
s u p p lie d  w ith  f e r r a t e d  p h yto s id e ro p h o res  are  about 1000 tim es 
h ig h e r  than s y n t h e t i c  (FeEDDHA) or m ic r o b ia l  ( fe r r io x a m in e )  
ir o n  c h e la t e s .  Thus, l-10nM ir o n  s u p p lie d  as f e r r a t e d  
ph ytosid erop hore  i s  s u f f i c i e n t  f o r  optim al growth o f  b a r l e y  and 
sorghum grown in  long term experim ents in  n u t r i e n t  s o lu t io n ,  
whereas 10/iM FeEDDHA or fe rr io x a m in e  are  n orm ally  r e q u ir e d  f o r  
growth o f  th e se  p la n t s .  The low c o n c e n tra t io n  o f  f e r r a t e d  
p h yto sid ero p ho re  re q u ire d  i n d ic a t e s  a h i g h ly  s p e c i f i c  uptake 
system. A t r a n s p o r t  p r o t e in  f o r  ir o n  p h yto sid e ro p h o res  a c ro s s  
the plasma membrane has been p o s t u la t e d  s i m i la r  to  t h a t  o f
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microorganisms (Romheld and Marschner, 1986).
F i n a l l y ,  when co n s id e r in g  ir o n  a c q u i s i t i o n  under n a t u r a l  
c o n d it io n s ,  the p o s s ib le  i n t e r p la y  o f  p la n t s  w ith  rh iz o sp h e re  
microorganisms must be co n sid ere d . Both p o s i t i v e  and n e g a t iv e  
e f f e c t s  can be p o s tu la te d .  One p o s i t i v e  e f f e c t  would be the  
enhancement o f  iron  s o l u b i l i t y  by a b u i l d  up o f  u n s p e c i f i c  ir o n  
c h e la t e s .  The number o f  microorganisms in  the  rh iz o sp h e re  i s  
in c re a s e d  e x t e n s i v e ly  when r o o t  exu d ates  a re  p re s e n t  and 
because o f  t h e i r  f a s t  tu rn o ver, the  c o n c e n t ra t io n  o f  a wide 
range o f  o rg an ic  and amino a c id s  would a ls o  in c r e a s e  markedly 
in  the rh iz o sp h e re .  These compounds c o u ld  m o b il iz e  s p a r in g ly  
s o lu b le  iro n  thus b e n e f i t i n g  the p l a n t s . Another e f f e c t  co u ld  
be an enhancement o f  iro n  s o l u b i l i t y  due to  a r e le a s e  o f  
s id ero p h o res  produced by m icroorganism s. Iro n  s o l u b i l i z e d  by 
s id e ro p h o res  could  promote th e  t r a n s f e r  o f  i r o n  to  the r o o t s .  
J u r k e v its c h  et al.(1986) r e p o rte d  the a l l e v i a t i o n  o f  
l im e-in d u ced  c h lo r o s is  in  peanuts by Pseudomonas s p , 
s id e ro p h o re s .  However, c o n v in c in g  e v id e n c e  f o r  the uptake 
mechanism o f  iro n  su p p lied  as f e r r a t e d  s id e ro p h o re s  in  h ig h e r  
p la n ts  i s  la c k in g .  Com petition between m icroorganism s and r o o ts  
o f  h ig h e r  p la n ts  f o r  ir o n  must t h e o r e t i c a l l y  be co n sid e re d . A 
n e g a t iv e  e f f e c t  o f  microorganisms on p la n t  ir o n  a c q u i s i t i o n  can 
be in v is a g e d  due to the f a c t  t h a t  many Pseudomonas s p p . , f o r
3+
example, form stro n g e r  Fe c h e la t e s  than the p h yto sid e ro p h o res  
r e le a s e d  by g r a s s e s .
I t  has been e s t a b l i s h e d  th a t  many m ic r o b ia l  s id e ro p h o res  a re  
l e s s  e f f i c i e n t  iro n  c h e la te s  f o r  g r a s s e s  than the p la n t-b o rn e  
ph yto sid ero p h o res (Romheld,19 8 7 ). The low a c c e s s i b i l i t y  o f  
f e r r a t e d  m ic ro b ia l  s id ero p h o res  such as fe rr io x a m in e  f o r  the 
red u cin g  systems o f  p la n t  s p e c ie s  e x h i b i t i n g  s t r a t e g y  I has 
a ls o  been d e sc r ib e d  (Romheld and M arschner,19 8 3 ).  T h e re fo re ,  
m ic r o b ia l  sid erop hores as p o t e n t i a l  c h e la t o r s  o f  iro n  f o r  
h ig h e r  p la n ts  may not be v e r y  im portant in  g e n e r a l .
Although more than a hundred p la n t  s p e c ie s  were i n v e s t i g a t e d  
f o r  t h e i r  mechanisms f o r  ir o n  a c q u i s i t i o n ,  o n ly  a l i m i t e d  
number o f  p la n t  s p e c ie s  o f  v a r io u s  s y s te m a t ic  c a t e g o r i e s  have 
been t e s t e d .  N e v e r th e le s s ,  t e s t s  i n d ic a t e  a d e f i n i t e
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d i s t r i b u t i o n  o f  s t r a t e g i e s  I and I I  among p la n t  s p e c i e s ,  the 
taxonomic boundary e x i s t i n g  between the P o a le s  and the o th e r
o rd ers  o f  h ig h e r  p l a n t s . Even p la n t  s p e c i e s  from c l o s e l y
r e l a t e d  o rd ers  to  P o a le s ,  such as R e s t i o n a le s ,  E r i o c a u l a l e s ,
Com m elinales, Jun cales  and C y p e r a le s , p o ss e ss  the 
c h a r a c t e r i s t i c s  o f  s t r a t e g y  I .  Thus th e  s t r a t e g y  I I  mechanism 
fo r  i r o n  a c q u i s i t i o n  appears to  be c o n f in e d  to  a s i n g l e  s p e c ie s  
o f  th e  m onocotyledons. T his t h e r e f o r e  e x c lu d e s  th o se  p la n t  
s p e c ie s  a c t i n g  as h o s ts  to  v a r io u s  r h i z o b i a  and c e r t a i n l y ,  
s p e c ie s  t e s t e d  such as Arachis hypogea L., Glycine max., Pisum 
sativum L.,and Vicia faba L. , a l l  e x h i b i t  the  s t r a t e g y  I 
mechanism. T h e re fo re ,  i t  i s  i n t e r e s t i n g  to  n o te  the  d e s c r ip t io n  
by Budesinsky et al. (1980), o f  th e  p ro d u c t io n  o f  a compound by 
d iv e r s e  v a s c u l a r  p la n t s ,  in c lu d in g  a l f a l f a ,  which as a
p o ly a m in o c a rb o x y la te , i s  rega rd ed  as a p o s s i b le  
p h y to s id e ro p h o r e . A lso  i n t e r e s t i n g  to  n o te  i s  the  stro n g  
s t r u c t u r a l  r e l a t i o n s h i p  between r h i z o b a c t i n ,  the  s id ero p h o re  o f  
Rhizobium meliloti DM4, and the p h y to s id e r o p h o r e s . Were i t  not
f o r  th e  seem in gly  s t r i c t  confinem ent o f  p h yto sid ero p h o re
\
p ro d u c tio n  and u t i l i z a t i o n  to  the  P o a le s ,  i t  would be tem pting 
to  s u g g e s t  t h a t  r h iz o b a c t in ,  as w e l l  as f u l l f i l l i n g  the  ir o n  
requirem ents o f  i t s  producing b a cter iu m , m ight a ls o  p la y  a r o le  
in  su p p ly in g  i r o n  to  i t s  h o s t  p la n t .
Rhizobium meliloti DM4 was f i r s t  examined f o r  i t s  sid ero p h o re  
because i t  was f e l t  th a t  c o n s id e r in g  the l a r g e  i r o n  requirem ent 
o f  sy m b io tic  n i t r o g e n  f i x a t i o n ,  a s id e ro p h o re  produced by t h i s  
m icroorganism  must c e r t a i n l y  be in v o lv e d  in  the sy m b io tic  
p r o c e s s .  Subsequent i n v e s t i g a t i o n s  o f  mutants n o t  s y n th e s iz in g  
the s id e ro p h o re  i n d ic a t e  th a t  t h i s  would seem not to  be the 
c a s e .  However i t  appears too g r e a t  a c o in c id e n c e  t h a t  Rhizobium 
meliloti DM4 should  produce an a t y p i c a l  s id e ro p h o re  b e a r in g  a 
s tro n g  s t r u c t u r a l  r e la t io n s h i p  to  compounds regard ed  as p la n t  
s id e r o p h o r e s . The r o le  o f  t h i s  s id ero p h o re  and o th e r  
s id e ro p h o res  produced by R.meliloti s t r a i n s  which seem to 
b e lo n g  a ls o  to  the r e c e n t l y  d is c o v e r e d  t h i r d  c l a s s  o f  
s id e ro p h o re s ,  in  the n i t r o g e n - f i x i n g  sy m b io s is ,  remains to  be 
determ ined.
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2 . 1  B a c t e r i a l  s t r a i n s  a n d  p l a s m i d s .
T he b a c t e r i a l  s t r a i n s  a n d  p la s m id s  u s e d  i n  t h i s  s t u d y  a r e  
d e s c r i b e d  i n  T a b le  2 . 1  a n d  2 . 2 .
Table 2.1
S tr a in Phenotype/Genotype Source or R e fe ren ce
R.meliloti w i l d  i s o l a t e s
2 2 0 - 1  t o  2 2 0 - 2 4
P ü h le r ,  A . 
U n iv e r s  i  t y  o f  
B i e l e f e l d .
220-5Rif Spontaneous R i f  
d e r i v a t i v e .
T his s tu d y .
220-5Rif d e r i v a t i v e s
220-5-1 S id eroph ore  (Tn5-raofa)
220-5-2
220-5-3
220-5-4
2011 w ild  typ e  s t r a i n  Nod 
F ix + on Medicago sativa.
Rosenberg e t  
al., ( 1 9 8 1 ) .
2 0 11R if  Spontaneous R i f
d e r i v a t i v e  
2 0 1 l R i f r d e r i v a t i v e s
2 0 11-1  Sid eroph ore  (Tn5-mob)
2011-2
2011-3
2011-4
T his stu d y
T his s tu d y
II
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Table 2.1 (contd.)
Strain Phenotype/Genotype Source or reference
DM4 Nod+F ix + , Cmr  G i l l ,  P.
d e r i v a t i v e  o f  102F28 B e rk le y ,
C a l i f o r n i a .
102F34 Nod+F ix +
65 
65c
R.leguminosarum 
b io v a r  vLciae
VF39 Nod+ F ix+
w ild  type
Spontaneously cured  
o f  a c r y p t i c  p lasm id.
I s o la t e d  from V.faba 
n o d u le s .
D.C.U. s to c k s .
D.C.U. s t o c k s ,
U n i v e r s i t y  o f  
B i e l e f e l d .
J1300 w ild  i s o l a t e H irsch , P. 
Rothamsted, 
Exp. S t a t i o n .
B151 128C53 Smr , cured 
o f  pRL6Jl.
B164 128C53 Sm c o n ta in s  
pIJ1008.
D.C.U. S to cks.
3855 128C53 Sm co n ta in s  
pRL6Jl.
D.C.U. S to cks
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Table 2.1 (contd.)
Strain Phenotype/Genotype Source or reference
R.leguminosarum 
b io v a r  trifolii
1027 Nod+F ix + D.C.U. S to c k s .
FYM1 w i ld  i s o l a t e , Nod+F ix + 
m eta l s e n s i t i v e .
H irsc h ,  P. 
Rothamsted 
Exp. S t a t io n .
FYM2 w ild  i s o l a t e ,  Nod+F ix H 
m etal s e n s i t i v e .
RCR 5 
32 
46 
221
w ild  i s o l a t e
R.loti
LP22
LP27
LP28
N2P2042
A cid /A l to le ra n c e Cooper, J . ,  
Q ueen 's Univ. 
B e l f a s t .
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Table 2.1 (contd.)
Strain Phenotype/Genotype Source or reference
Agrobacterium
tumefaciens
C58
1060
4011
V i r  T i  K e to la c to s e  
Noc+
c o n ta in s  Ri plasmid 
V i r  T i  keto lactose^  
Occ R i f r
U n i v e r s i t y  o f  
B i e l e f e l d
9023 R i f r Smr d e r i v a t i v e  o f  C58 
cured  o f  both pTiC58 and 
pATC58.
H irsc h ,  P. 
Rothamsted, 
Exp. S t a t io n .
Pseudomonas
fluorescens
DN12
w i ld  i s o l a t e O 'S u l l i v a n ,  D. 
U n i v e r s i t y  
C o l l e g e ,  Cork.
Escherichia coli
CSH56
S 17 -1
JA221
F ara Alac pro supD 
NalA thi
Ree d e r i v a t i v e  o f  294
w ith  RP.-2Tc::Mu Km::Tn7 4
in  the chromosome. hsdR 
pro Tp-Sm res mod+ .
F' r e c A l IeuB6 trpù.5 
hsdMT hsdR lacY xyl .
M i l l e r ,  (1972) 
Simon, (1984)
C la r k  and 
Carbon, (1981)
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Table 2.2 Plasmids
Plasmid
C h a r a c t e r i s t i c
Relevant Source or reference
pSup5011 pBR325 d e r i v a t i v e ,
Tn5-mob Cm Tc Km
Simon, (198 4).
pUC19 Ap lacZ N orrander, eir al. , 
(19 8 3 ).
pBR322 r  r Ap Tc B o l i v a r ,  e t  al., 
(1 9 7 7 ) .
pGRl Tn5-mob c o n ta in in g  EcoRl T h is  stu d y  
fragm ent (9kb) from 
220 -5-1 c lo n ed  in to  
pUC19.
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2.3 M ic r o b io lo g ic a l  Media.
S o l i d  complex media co n ta in e d  15g/L Oxoid No. 3 a g a r .  S o l i d  
minimal media co n ta in e d  15g/L p u r i f i e d  agar  (D ifc o  
L a b o r a t o r i e s ) . Tryptone and Y e a s t  e x t r a c t  were from Oxoid. 
Other chem icals  were from Sigma Chemical Co. LTD and BDH 
Chemicals LTD. A l l  ch em ica ls  were a n a la r  grade.
A l l  g lassw are  used  f o r  low ir o n  media was washed in  2M HC1 and 
r in s e d  in  u l t r a  pure d e io n iz e d  w a te r  and a l l  minimal and low 
ir o n  media were prepared  i n  u l t r a  pure w a te r .  D i s t i l l e d  w ater  
was used to  p rep a re  complex media. S t e r i l i z a t i o n  was a c h ie v e d  
by a u to c la v in g  a t  1 5 1b / in 2 f o r  20 m inutes.
TY medium (B e r in g e r ,  1974)
Used f o r  the r o u t in e  c u l t u r i n g  o f  f a s t  growing Rhizobium 
s t r a i n s .
Tryptone 5g
Y e a s t  E x tr a c t  3g
CaCl . 2H 0 0. 7 r2 2 &
HO 1 l i t r e
2
pH 7 .2
L u ria  B e r ta n i  (LB) medium
Used f o r  r o u t in e  c u l t u r i n g  o f  E.coli.
Tryptone 10g
Y e a st  E x t r a c t  5g
NaCl 10g
HO 1 l i t r e
2
PH
Chrome A zu ro l S medium (Schwyn and N e ila n d s ,  1987).
Used to  d e t e c t  the p ro d u c t io n  o f  s id ero p h o res by b a c t e r i a l  
s t r a i n s .
Pipes 30.24g
Sucrose 2g
KH PO 0 . 03g
2 4 °
76
H 0 875ml
2
pH 6.8 (w ith  a 50% (w/w) NaOH s o ln . )
This m ixture  was a u to c la v e d  s e p a r a t e l y .  A f t e r  c o o l in g  , 10ml 
d e f e r r a t e d  casamino a c id s  (10%) and 10ml o f  a s o lu t io n  
c o n ta in in g  b i o t i n ,  thiamine and p a n th o th e n ic  a c id  (lOmg/L) were 
added. A lso  added were 10ml MgSO . 7H 0 s o l u t i o n  (5g/100ml) and 
7.8ml CaCl .H 0 s o lu t io n  (1M). The dye s o lu t io n  was f i n a l l y  
added a lo n g  the  g la s s  w a l l  w ith  enough a g i t a t i o n  to  a c h ie v e  
m ixing w ith o u t  g e n era tio n  o f  foam.
The dye s o l u t i o n  was prepared  as f o l l o w s : 6 0 .5mg CAS was
d is s o lv e d  i n  50ml Pipes (ImM, pH 5 .6 )  and mixed w ith  10ml o f  an 
i r o n ( i i i )  s o lu t io n  (FeCl^lOmM H C 1). Under s t i r r i n g  t h i s  
s o lu t io n  was s lo w ly  added to  72.9mg HDTMA d is s o lv e d  in  40ml 
P ipes pH 5 .6 .  The r e s u l t a n t  dark b lu e  l i q u i d  was a u to c la v e d .
CAS, chrome azurol s; HDTMA, hexadecyltrimethylammonium
bromide; Pipes, 1,4-piperazinediethanesulphonic acid.
Iro n  d e f i c i e n t  T r is  medium (Smith and N e ila n d s ,  1984).
Used to  e l i c i t  pro d u ctio n  o f  s id e r o p h o r e s .
Trizma base 12. l g
Glutamine l g
S u c c in ic  a c id l g
KH P0
2 4
O .lg
K HP0 
2 4 O .lg
MgSO . 7H 0
°  4 2
0. 2g
CaCl . 2H 0 
2 2 O .lg
Na SO
2 4
0 . 014g
P y r id o x in e .HC1 0. 2mg
I n o s i t o l lmg
Thiamine lmg
P antothenate lmg
B i o t i n lmg
H 0
2
1 l i t r e
PH 6.8
A f t e r  a u t o c la v in g ,  casamino a c id s  were added to  a c o n c e n tra t io n  
o f  0.3% w/w.
Casamino a c id s  (D ifco  Lab.) f o r  t h i s  medium and the CAS medium
7 7
were d e f e r r a t e d  acco rd in g  to the method d e s c r ib e d  byWaring 
1942. The casamino a c id s  were d i s s o lv e d  in  200ml o f  u l t r a  pure 
w ater and f i l t e r e d  in to  a g la s s - s t o p p e r e d  s e p a r a to r y  fu n n e l.  
8-OH quinolone (5mg) was d is s o lv e d  i n  1ml o f  ch lo ro fo rm , poured 
in to  the  fu n n e l,  shaken v ig o u r o u s ly  and a llo w e d  to  stand  f o r  
f i v e  m inutes. Approxim ately  3ml o f  ch lo ro fo rm  were poured in to  
the fu n n e l,  shaken v ig o u r o u s ly  f o r  one minute and then r o t a t e d  
f o r  30 seconds to  cause d r o p le ts  o f  c h lo ro fo rm  c o n ta in in g  8-OH 
q u in o lo n e - iro n  complexes to  c o a le s c e  and s e t t l e .  The chloroform  
la y e r  was drawn o f f  and the casamino a c id  s o l u t i o n  washed tw ice  
w ith  3ml a l i q u o t s  o f  ch loroform . The whole e x t r a c t i o n  was 
re p e a te d  3 t i m e s . The procedure removed a l l  th e  contam in ating  
iro n .
E th y len ed iam in e-d i-o -h yd ro xyp h en yl a c e t i c  a c id  (EDDA), used  in  
the above medium to c h e la te  e x ce s s  i r o n ,  was a l s o  f r e e d  from 
contam in ating  ir o n  a cco rd in g  to the  method o f  Rogers
(19 7 3 ). A s o lu t io n  c o n ta in in g  lOg o f  EDDA i n  100ml o f  b o i l i n g  
IN HC1 was p re p a re d  and a llo w ed  to  c o o l .  The s o l u t i o n  was thenI
f i l t e r e d ,  d i l u t e d  w ith  1 .5  l i t r e s  o f  a c e to n e  and the pH r a is e d  
to 6 by  the a d d it io n  o f  IN NaOH. A f t e r  s ta n d in g  o v e rn ig h t  a t  
4°C, the  p r e c i p i t a t e  was f i l t e r e d  o f f  and washed w ith  c o ld  
aceto n e . The y i e l d  was approxim ately  75%.
YM medium.
Used f o r  lo n g  term sto ra g e  o f  Rhizobium s t r a i n s .
K HPO
2 3
0. 5g
MgSO . 7H 0
&  4 2
0. 2g
NaCl O .lg
Y e a s t  E x tr a c t 0. 4g
M annitol 10g
H 0 1 l i t r e
2
PH 6.9
M9 medium (M a n ia tis  et al ., 1982) 
Used f o r  s e l e c t i o n  o f  E.coli.
Na HPO 6g
2 4 ù
7 8
KH PO 3g
2 4 “
NaCl 0 . l g
NH Cl l g
4
pH 7 .4
A f t e r  a u to c la v in g :
1M MgSO^  2ml
20% G lucose 10ml
1M CaCl 0 . 1ml2
were added as s t e r i l e  s o lu t io n s  to  a t o t a l  volume o f  1 l i t r e .
LB MgMal
Used f o r  growth o f  E.coli p r i o r  to  i n f e c t i o n  w ith  Lambda.
Tryptone lo g
Y e a s t  E x tr a c t 5g
NaCl 5g
Glucose l g
M altose ^g
MgClz l g
H 02 1 l i t r e 1
P la n t  T e s t  medium (J e n s e n ,1942) 
Used fo r  growth o f  p la n t  s e e d l in g s .  
S o lu t io n  1:
MgSO^  0 . 2g
K HPO 0 . 2g
2 4 &
CaHPO^  l g
NaCl 0.2g
FeCl O . lg
HO 1 l i t r e2
S o lu t io n  2:
CuSO . 5H 0 0 . 35g
4 2 6
MnSO . 4H 0 6g4 2 6
ZnSO .7H 0 0. 97g
4 2 °
h3B°3 > 1 2 . 7g
NaMoO . 2H 0 3.98g
4 2 °
H 0 100ml2
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S o lu t io n s  1 and 2 were a u to c la v e d  s e p a r a t e ly  and 250/il o f  
s o lu t io n  2 were added to  1 l i t r e  o f  s o lu t io n  1 .  P la t e s  were 
a llo w ed  to  s e t  a t  an a n g l e .
2.4 Surface sterilisation of seeds used in plant tests.
Seeds were washed i n  c o n c e n tra te d  s u lp h u r ic  a c id  f o r  10 -15  
minutes in  a s t e r i l e  f l a s k ,  r in s e d  w e l l  w ith  s t e r i l e  w a te r  and 
washed f o r  a fu r t h e r  10-15 minutes w ith  commercial b le a c h .  
Seeds were then r in s e d  s i x  tim es w ith  s t e r i l e  w a te r  and l e f t  
s ta n d in g  in  w ater f o r  a t  l e a s t  4 hours. They were then p la c e d  
on TY a g ar , ( 2 .3 ) ,  in cu b ate d  u p sid e  down, and l e f t  to  germ inate  
i n  the dark a t  room te m p e ra tu re .
2 .5  S t e r i l i s a t i o n  o f  n o d u le s .
Nodules were c a r e f u l l y  removed from the r o o ts  o f  c l o v e r  p la n t s  
and p la c e d  in  a p e t r i  d is h  c o n ta in in g  70% e th a n o l  f o rI
approxim ately  2 m in u te s . The nodules were then r i n s e d  by 
t r a n s f e r r i n g  them a s e p t i c a l l y  from the e th a n o l in t o  a p e t r i  
d is h  o f  s t e r i l e  w ater.  T his was re p e a te d  s i x  t im es. I n d iv id u a l  
nodules were then p la c e d  on a p e t r i  d is h  in  a drop o f  s t e r i l e  
w a te r ,  crushed w ith  a s t e r i l e  s p a t u la  and a lo o p f u l  o f  the 
exudate s tre a k e d  onto a TY agar (2 .3 )  p l a t e .
2.6 B u ffe rs  and S o lu t io n s .
Chrome A zu ro l S s o lu t io n .
A l l  s o lu t io n s  and d i l u t i o n s  were made w ith  ImM P i p e s , pH
5 .6 ,  and not w ith  w ater  as o u t l i n e d  in  the procedure d e s c r ib e d  
by Schwyn and N e i la n d s , 1987, u n le s s  o th erw ise  s t a t e d .
A 6ml volume o f  lOmM HDTMA s o lu t io n  was p la c e d  in  a 100ml 
v o lu m e tr ic  f l a s k  and d i l u t e d .  A m ixture o f  1 .5 m l i r o n  ( I I I )  
s o lu t io n  (ImM FeCl3> lOmM HC1) and 7.5ml 2mM CAS s o l u t i o n  was 
s lo w ly  added under s t i r r i n g .  A 4.307g q u a n t i ty  o f  anhydrous 
p ip e r a z in e  was d is s o lv e d  and 6.25ml o f  12M h y d r o c h lo r ic  a c id  
was c a r e f u l l y  added. T his b u f f e r  s o lu t io n  was r in s e d  in to  the
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v o lu m e tr ic  f l a s k  which was then f i l l e d  w ith  the p ip e s  s o lu t io n  
to  g iv e  100ml o f  CAS a ssay  s o l u t i o n .
Hathway' s Re a g e n t .
One volume o f  iro n  re ag e n t (0.1M FeC l 3 in  0.1M HC1) was added 
to  one volume o f  0.1M potassium  f e r r i c y a n i d e .
TE B u f fe r
T ris-H C l lOmM
Na - EDTA ImM2
pH 8.0
TES B u ffe r
T ris-H C l lOmM
Na - EDTA ImM2
NaCl 50mM
pH 8.0
T r is  B orate B u ffe r  (10X)
T ris -H C l 108g
Naz-EDTA 9 .3 g
B o ric  a c id  55g
HO 1 l i t r e
2
pH 8.3
S o lu t io n s  fo r  m ini-preps o f  p lasm id  DNA:
S o lu t io n  1
Glucose 0.5M 1ml
EDTA 0.1M 1ml
T ris-H C l 1M 0.25ml
HO 7.75m l2
S o lu t io n  2 (made e v e ry  month and s to r e d  a t  room tem perature) 
NaOH IN 2ml
SDS 10% 1ml
H 0 7ml
2
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S o lu t io n  3
Potassium  a c e ta te  
3M pH 4.8
(To 60ml o f  5M Potassium a c e t a t e ,  1 1 .5 m l o f  g l a c i a l  a c e t i c  a c id  
and 2.85ml o f  H20 were added. The r e s u l t i n g  s o l u t i o n  i s  3M w ith  
r e s p e c t  to  potassium  and 5M w ith  r e s p e c t  to  a c e t a t e . )
K irb y  Mix
Phenol 100g
Chloroform  100ml
Isoam yl a lc o h o l  4ml
8-OH quinolone 0.8g
S o lu t io n  was s to r e d  under lOOmM T r is -H C l,  pH 7 .5  a t  4°C.
S o lu t io n  f o r  M axi-preps o f  plasm id DNA:Triton Mix 
T r i t o n  X 100 20% 5ml 
EDTA pH 8, 0.25M 12.5m l
T ris -H C l 1M 2.5ml I
H 0 to  50ml2
S o lu t io n s  f o r  Gene-Clean Procedure:
Sodium Io d id e
Nal 9 0 .8g
H 0 to  100ml2
The s o l u t i o n  was s t i r r e d  u n t i l  as much as p o s s i b le  was
d is s o lv e d  and then f i l t e r e d  through Whatman N o .l  f i l t e r  paper.
1.5b; o f  Na SO were added and the s o l u t i o n  s to r e d  a t  4°C in  the 
°  2 3
dark.
New Wash
E thanol 50%
T ris -H C l,  pH 7 .5  lOmM 
EDTA ImM
The s o l u t i o n  was s to r e d  a t  -20°C.
B u f fe r s  f o r  DNA d i g e s t i o n  and l i g a t i o n :
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R e s t r i c t i o n  b u f f e r s  were su p p lie d  by  B eth sed a  R esearch  
L a b o ra to r ie s  LTD.
L ig a t io n  B u ffe r  (10X)
T ris -H C l 0 . 2M
MgCl2 0.1M
DTT 0 . 1M
ATP pH 7 .6  0.06M
The b u f f e r  was s to r e d  a t  -20°C.
S o lu tio n s  f o r  Southern H y b r id is a t io n :
D epurination s o l u t i o n
HC1 0.25M.
Denaturing s o lu t io n
NaCl 8 7 .66g
NaOH 20g
H 0 to  1 l i t r e2
N e u t r a l i s in g  s o l u t i o n
NaCl 8 7 .66g
T ris-H C l pH 8,1M 500ml
H 0 to  1 l i t r e2
T ra n sfe r  B u ffe r  (20X SSC)
NaCl 175 .83g
Trisodium  c i t r a t e  8 8 .2g
pH 7.0
H 0 to  1 l i t r e2
D en hardt's  s o lu t io n
F i c o l l  5g
P o l y v i n y l ­
p y r r o l id o n e  5g
BSA(Pentax
F r a c t io n  V) 5g
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HO to
2
500ml
P r e h y b r id is a t io n  s o lu t io n  
6 x SSC
5 x D en h ard t's  s o l u t i o n  
0.5% SDS
100 Mg/ml d enatured , fragm ented salmon sperm DNA 
H y b r id is a t io n  s o lu t io n
T his s o lu t io n  i s  i d e n t i c a l  to  the p r e h y b r id i s a t i o n  s o l u t i o n  but 
co n ta in s  in  a d d it io n ,  EDTA (0.01M) and the 32P - la b e l e d  DNA.
S o lu t io n s  f o r  in s i t u  h y b r i d i s a t i o n  o f  b a c t e r i a l  c o lo n ie s :  
T ra n sfe r  b u f fe r  (20 x SSPE)
NaCl 3 . 6M
NaH.PO  ^ (pH 7 .4 )  200mM
EDTA (pH 7 .4 )  20mM
Prewashing solution
T ris-H C l (pH 8) 50mM 
NaCl 1M
EDTA ImM
SDS 0.1%
P r e h y b r id is a t io n  s o l u t i o n
Formamide 50%
D enhardt's  s o l u t i o n  5X 
SSPE 5X
SDS 0.1%
Denatured salmon sperm DNA (100//g/ml) .
S o lu t io n s  f o r  W estern B l o t t i n g :  
T ra n s fe r  b u f fe r
T ris-H C l 0.025M
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G ly c in e  0.192M
Methanol 20%
The pH o f  th e  b u f f e r  ranged from 8 . 1  to  8 .5  and was n o t  
a d ju s t e d  w ith  a c id  or b a se .
S o lu t io n s  f o r  W estern B lo t  D e te c t io n :
TBST ( T r is - b u f f e r e d  s a l i n e  c o n ta in in g  Tween)
T ris -H C l (pH 8) lOraM 
NaCl 150mM
Tween-20 0.05%
B lo c k in g  s o lu t io n  
TBST
BSA 1% w/v
AP b u f f e r  ( f o r  a lk a l i n e  phosphatase d e te c t io n )
T ris-H C l (pH 9 .5 )  lOOmM 
NaCl lOOmM
MgCl 5mM
N itr o b lu e  te t r a z o l iu m  s o l u t i o n  (NBT)
50 mg/ml in  70% N,N-dim ethylform am ide.
5 -b ro m o -4 -c h lo ro -3 - in d o y l phosphate s o lu t io n  (BCIP)
50 mg/ml i n  N,N-dimethylformamide.
AP c o lo u r  d e ve lo p in g  s o lu t io n
AP b u f f e r  10ml
NBT 66/il
BCIP 33/il
The s o lu t io n  i s  l i g h t  s e n s i t i v e  and must be used w i t h in  one 
hour o f  p re p a r a t io n .
2 .7  A n t i b i o t i c s
Neomycin su lp h a te ,  s trepom ycin  su lp h a te ,  a m p i c i l l i n ,  
k a n a m y c in ,te t r a c y c l in e  and r i f a m p ic i n  were from Sigma.
Aqueous s o lu t io n s  o f  neomycin s u lp h a te ,  s tre p to m y cin  su lp h a te
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and kanamycin (20mg/ml) were p re p a re d  and s to r e d  a t  4°C. 
T e t r a c y c l i n e  was d is s o lv e d  in  50% e th a n o l  and s to r e d  a t  4°C. 
A m p ic i l l i n ,  d is s o lv e d  in  d i s t i l l e d  w a te r ,  and r i fa m p ic in ,  
d is s o lv e d  in  methanol, were prepared  as r e q u ir e d .
2.8 Enzymes.
R e s t r i c t i o n  and l i g a t i o n  enzymes were from BRL and were used 
a c co rd in g  to  the  m a n u fa c tu rer 's  i n s t r u c t i o n s .
2 .9  S to r in g  and c u l t u r i n g  b a c t e r i a .
S tr a in s  were s to r e d  as g l y c e r o l  s t o c k s .  An equal volume o f  
g l y c e r o l  (80%) was added to  1ml o f  a l a t e  lo g  phase c u l t u r e  and 
s to r e d  a t  -20°C. Where h o s ts  were h a rb o u rin g  u n s ta b le  p lasm id s, 
the a p p ro p r ia te  a n t i b i o t i c  was added to  th e  s to c k  medium. 
Working s to c k s  were s to r e d  on p l a t e s  a t  4°C.
2 .10  I s o l a t i o n  o f  a n t i b i o t i c  r e s i s t a n t  m utants.
A l a t e  lo g  phase c u l t u r e  (10ml) was p e l l e t e d  by c e n t r i f u g a t i o n  
a t  5000g f o r  10 m inutes. The c e l l s  were resuspended in  1ml o fI
fresh growth medium and 0 .1 ml aliquots plated on agar plates 
containing the appropriate antibiotic. Resistant colonies were 
purified on selective plates.
2 .1 1  B a c t e r i a l  c o n ju g a tio n .
C onjugations were performed on s o l i d  a g ar  s u r f a c e s .  Khizobium
r e c i p i e n t s  were grown to  l a t e  lo g  phase in  TY b ro th  w h ile
E.coli donors were grown to  mid lo g  phase in  LB b ro th .  Donor
and r e c i p i e n t  (0.7ml o f  each) were mixed in  an eppendorf
t u b e , c e n t r i f u g e d  and resuspended in  100/il o f  f r e s h  TY b ro th .
This su spen sio n  was p la c e d  on a 0.45/im membrane f i l t e r  on a TY
agar p l a t e  and incubated  o v e r n ig h t  a t  30°C. F i l t e r s  were
a s e p t i c a l l y  removed to  2ml o f  s t e r i l e  w a te r  and the c e l l s
-1 “2
resuspended by v o r t e x in g .  D i lu t io n s  (10 and 10 ) o f  t h i s  
suspension  were p la t e d  on a s e l e c t i v e  medium. The donor and 
r e c i p i e n t  s t r a i n s  were c a r r i e d  through th e  same procedure 
s e p a r a t e ly  and p la t e d  on s e l e c t i v e  medium to check counter 
s e l e c t i o n .
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2 .12  B a c t e r i a l  tra n sfo rm a tio n .
The E.coli s t r a i n  r o u t i n e l y  transform ed was JA221. Competent 
c e l l s  were p re p a re d  by the fo l lo w in g  method: One ml o f  an
o v e rn ig h t  c u l t u r e  o f  JA221 was in o c u la t e d  in to  100ml o f  LB 
bro th  and a llo w e d  to  grow to  an O.D.600 o f  0 .3 - 0 .4 .  The c u l t u r e  
was then c h i l l e d  on i c e  f o r  30 minutes a t  which time a 10ml 
a l i q u o t  was p e l l e t e d  by c e n t r i f u g a t i o n  a t  6000rpm a t  4°C f o r  5 
m inutes. The p e l l e t  was resuspended in  5ml o f  i c e - c o l d  MgCl2 
(0.1M). The c e l l s  were a g a in  c e n t r i fu g e d  and resuspended in  5ml 
o f  i c e - c o l d  CaCl2 (50mM) . A f t e r  30 m inutes on i c e  the c e l l s  
were c e n t r i f u g e d  and resuspended in  1ml o f  CaCl2 (50mM) . The 
c e l l s  were now competent and were s to r e d  on i c e  f o r  u s e .
Plasmid DNA was transform ed in to  the r e c i p i e n t  s t r a i n  by adding 
200/il o f  the  competent c e l l s  to  20/xl o f  DNA d i s s o lv e d  in  TE 
b u f f e r  and a l lo w in g  the m ixture to  stand  on i c e  f o r  1 hour. The 
tra n sfo rm a tio n  mix was h e a t  shocked a t  42°C f o r  2 minutes and 
t r a n s fe r r e d  im m ediate ly  back  to  the i c e .  A f t e r  a d d i t io n  o f  
0.8ml o f  f r e s h  LB b ro th  the mix was p la c e d  a t  37°C f o r  1 hourI
to  a l lo w  outgrow th o f  the c e l l s .  C e l l s  were then p la t e d  on 
s e l e c t i v e  medium.
2 .13  P r e p a ra t io n  o f  plasm id DNA (ra p id  p r e p a r a t io n ) .
The method used  was t h a t  d e sc r ib e d  by Birnboim and Doly (1979). 
The s o lu t io n s  used  a re  d e sc r ib e d  in  s e c t i o n  2 .6 .
A b a c t e r i a l  c u l t u r e  (1 .5 m l)  grown in  s e l e c t i v e  medium was 
p e l l e t e d  in  a m ic r o c e n tr i fu g e  and the su p ern ata n t removed. The 
p e l l e t  was resuspen ded by v o r te x in g  in  100/il o f  s o l u t i o n  1 and 
l e f t  f o r  5 m inutes a t  room tem perature. Then 200/il o f  s o lu t io n  
2 were added, mixed by in v e r s io n  and the tube p la c e d  on i c e .  
A f t e r  5 m in u te s , 150/il o f  s o lu t io n  3 were added and the  m ixture 
kept on i c e  f o r  10 m inutes. A c l o t  o f  chromosal DNA had formed 
and was p e l l e t e d  b y  c e n t r i f u g a t i o n .  The su p ern a ta n t  (400/il) was 
p la c e d  in to  a f r e s h  tube and an eq u al volume o f  
p h en ol/ch loroform  added and mixed by v o r t e x in g .  A f t e r  
c e n t r i f u g a t i o n  th e  aqueous l a y e r  was removed to  a new tube and 
an equal volume o f  iso p ro p a n o l was added. A f t e r  10 minutes a t
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room tem perature th e  tube was c e n t r i f u g e d  f o r  5 minutes a t
12.000 rpm. The p e l l e t  was washed tw ic e  w ith  70% e th a n o l ,  d r ie d  
b r i e f l y  in  a d e s s i c a t o r  and resuspended in  30^1 o f  TE b u f f e r  
c o n ta in in g  RNase (20/ig/ml) .
2 .14  P re p a ra tio n  o f  b u lk  sm all p lasm id  DNA.
C e l l s  from a l a t e  lo g  phase c u l t u r e  (250ml) were h a r v e s t e d  by 
c e n t r i f u g a t i o n  and resuspended in  su c ro se  (25% i n  50mM T r i s  pH 
8) to  a volume o f  2ml. The su sp en sio n  was t r a n s f e r r e d  to  a 
p l a s t i c  screw -capped u l t r a - c e n t r i f u g e  tube and 0.4ml o f  a 
lysozyme s o lu t io n  (20mg/ml in  0.25M T r i s ,  pH 8) were added. 
A f t e r  5 minutes 0.8ml o f  EDTA (0.25M, pH 8) were added and 
a f t e r  a fu r t h e r  10 m inutes, 3.2ml o f  T r i t o n  l y s i s  mix (s e e  2 .4) 
were added. The tube was k ep t on i c e  d u rin g  the above 
a d d it io n s .  A f t e r  15 minutes the su sp en sio n  was c e n t r i f u g e d  a t
40.000 rpm a t  4°C f o r  40 m inutes. Caesium c h lo r i d e  (6 .9 g )  was 
d is s o lv e d  in  the c le a r e d  l y s a t e .  T his s o lu t io n  was t r a n s f e r r e d  
to a Quick S e a l  p o ly a llo m e r  u l t r a c e n t r i f u g e  tube (Beckman) and 
0.18ml o f  an ethidium  bromide s o lu t io n  (lOmg/ml) were added.I
The t o t a l  s o lu t io n  w e ig h t was brought to  1 4 . l g  u s in g  lOmM EDTA. 
A ir  was removed from the tube by the  a d d i t io n  o f  l i q u i d  
p a r a f f i n  and the tube s e a le d  w ith  a Beckman h e a t  s e a l e r .  The 
d e n s i ty  g ra d ie n t  was formed by c e n t r i f u g a t i o n  a t  50,000 rpm a t  
18°C in  a Beckman U l t r a c e n t r i f u g e  Model LH-M. A f t e r  20-22 hours 
the c o v a le n t ly  c lo s e d  c i r c u l a r  p lasm id  DNA had s e p a r a te d  from 
the l i n e a r  chromosomal DNA. The DNA was v i s u a l i s e d  u s in g  an 
u l t r a - v i o l e t  lamp and plasm id  DNA was re co v e re d  by p u n c tu rin g  
the tube w ith  a s y r in g e  and w ithdraw ing the  p la sm id  band. 
Ethidium bromide was removed by e x t r a c t i o n  w ith  an e q u a l volume 
o f  iso pro pan o l s a tu r a te d  w ith  20x SSC ( 2 .6 ) .  The e x t r a c t i o n  was 
re p e ate d  ap p ro xim ately  s i x  t im es. To remove CsCl th e  DNA 
s o lu t io n  was t r a n s f e r r e d  to  d i a l y s i s  tu b in g  and d ia ly s e d  
a g a in s t  s e v e r a l  changes o f  TE b u f f e r .
2 .15  I s o l a t i o n  o f  t o t a l  DNA from Shizobium s t r a i n s .
E a r ly  s t a t i o n a r y  phase c u l t u r e s  o f  Shizobium spp. (10ml) were 
sedimented in  a Beckman J 2 -2 1  c e n t r i f u g e  a t  10,000rpm f o r  f i v e
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m in u te s . The c e l l s  were washed w ith  an equal volume o f  TES 
b u f f e r  and resuspended in  5ml o f  TE b u f f e r .  0.5ml o f  a f r e s h l y  
p repared  lysozyme s o lu t io n  (2mg/ml in  TE) was added and the 
suspension  in cu bated  a t  30°C. A f t e r  20 m inutes, 0.5ml o f  a 
sa rk o sy l/ p ro n a se  s o lu t io n  (10% s a r k o s y l  in  TE c o n ta in in g  5mg/ml 
pronase) was added and the  su sp e n sio n  in cu b ate d  a t  37°C f o r  one 
hour. L y s is  was e v id e n t  b y  an i n c r e a s e  in  v i s c o s i t y  o f  th e  
suspension. Sodium a c e t a t e  (0.7m l o f  3M) was added and mixed 
g e n t ly .  K irb y  mix (2.5ml) was added and the  su sp en sio n  was 
mixed s lo w ly  by in v e r s io n  f o r  15-30 m inutes. A f t e r  
c e n t r i f u g a t i o n  a t  10, OOOrpm f o r  t e n  minutes the aqueous phase 
was removed to  a g la s s  c o re x  tube and c e n t r i fu g e d  a t  1 0 , OOOrpm 
f o r  f i f t e e n  m inutes. The su p e rn a ta n t  was removed and 2.5ml o f  
k i r b y  mix was added. The su sp e n sio n  was mixed g e n t ly  f o r  
f i f t e e n  minutes b e fo re  e x t r a c t i o n  w ith  c h lo ro fo rm :iso a m y l 
a lc o h o l  ( 2 4 :1 ) .  The DNA was p r e c i p i t a t e d  w ith  an equal volume 
o f  iso p ro p an o l and was e v id e n t  in  the  suspension as a c o i l e d  
th re a d . The DNA was removed to  a m ic r o c e n tr i fu g e  tube u s in g  a 
p i p e t t e ,  c e n tr i fu g e d ,  washed tw ic e  w ith  70% e th a n o l,  d r ie dI
under vacuum and resuspended i n  400/il o f  TE b u f f e r .
2 .1 6 .  Agarose g e l  e l e c t r o p h o r e s i s  f o r  DNA 
c h a r a c t e r i z a t i o n .
A h o r i z o n t a l  g e l  apparatus (Pharmacia) was used. A l l  DNA 
samples were loaded on 0.8% a g a ro se  g e l s  made in  TBE b u f f e r .  
M in i- g e ls  were run a t  a p p ro x im a te ly  100V f o r  one hour w h ile  
m a x i-g e ls  were run a t  50V o v e r n ig h t .  A t r a c k e r  dye was 
in c o rp o ra te d  in to  DNA samples to  f a c i l i t a t e  lo a d in g .  G els were 
run in  TBE b u f f e r  (1  x) u n t i l  th e  t r a c k e r  dye had reach ed  the  
base  o f  the g e l .  DNA was v i s u a l i s e d  by s t a i n i n g  f o r  t h i r t y  
minutes in  ethidium  bromide, then  p la c i n g  the g e l  on a U.V. 
t r a n s i l l u m i n a t o r . Gels were photographed u s in g  a p o la r o id  la n d  
camera equipped w ith  a re d  f i l t e r  (25A Kodak) lo ad ed  w ith  
p o la r o id  667 p o s i t i v e  f i lm .
2 . 1 7 .  I s o l a t i o n  o f  DNA from a g a ro se  g e ls : - g e n e  c le a n
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p ro c e d u r e .
A f t e r  e le c t r o p h o r e s is  and s t a i n i n g ,  th e  DNA band o f  i n t e r e s t  
was c u t  from the g e l  and weighed. Two to  th re e  volumes o f  a 
s a tu r a te d  sodium io d id e  s o lu t io n  (2 .6 )  was added to  the  agaro se  
band and in cu b ate d  a t  55°C f o r  f i v e  m inutes or u n t i l  a l l  the  
a g aro se  had d is s o lv e d .  S i l i c a  325 mesh g la s s  beads (5/il) 
o b ta in e d  from S tr a te c h  S c i e n t i f i c  L td . were added to  the 
s o lu t io n ,  mixed and a llo w ed  to  s ta n d  a t  room tem perature f o r  
f i v e  m in u te s . The g la s s  beads were c e n t r i f u g e d  in  am icrofuge 
f o r  f i v e  seconds a t  12,000rpm. The p e l l e t  was washed th re e  
tim es w ith  10-50 volumes o f  i c e - c o l d  NEW wash ( 2 .6 ) ,  sp in n in g  
f o r  f i v e  seconds between each wash. The DNA was e lu t e d  from the 
p e l l e t e d  beads by resuspending in  a sm all  volume (10-20^1) o f  
TE and in c u b a t in g  f o r  th re e  m inutes a t  55°C. The su p ern ata n t 
c o n ta in in g  th e  DNA was s to r e d  a t  4°C.
2 .1 8 .  S o  uthern  b l o t t i n g  - t r a n s f e r  o f  DNA to
n i t r o c e l l u l o s e  f i l t e r s .
The tech n iq u e  used was th a t  d e s c r ib e d  by Southern (19 7 5 ) .  A f t e rI
e le c t r o p h o r e s i s  was completed and th e  DNA s ta in e d  w ith  ethidium  
bromide, the  g e l  was photographed. The g e l  was t r a n s f e r r e d  to  a 
t r a y  c o n ta in in g  s e v e r a l  volumes o f  d e n atu rin g  s o lu t io n  and 
in cu b a te d  on a shaking t a b le  a t  room tem perature f o r  45 
m inutes. The d en atu rin g  s o lu t io n  (2 .6 )  was poured o f f  and the 
g e l  was soaked f o r  one hour i n  n e u t r a l i s i n g  s o lu t io n  w ith  
c o n sta n t  sh a k in g . At t h i s  p o in t  the pH o f  the  s u r fa c e  o f  the 
g e l  was below  8 .5 .  A p ie c e  o f  Whatman 3MM paper lo n g e r  and 
w ider than the  g e l  was soaked in  20 x  SSC, p la c e d  on a support 
and co n n ected  to  a r e s e v o ir  o f  20 x SSC. The g e l  was p la c e d  on 
the  Whatman paper and a p ie c e  o f  n i t r o c e l l u l o s e  ( S c h le ic h e r  and 
S c h n e l l)  p resoaked  in  20 x  SSC and e x a c t l y  the  s i z e  o f  the g e l  
was p la c e d  on t o p . Three p ie c e s  o f  Whatman 3MM paper c u t  to 
e x a c t l y  the  same s i z e  as the g e l  and soaked in  20 x  SSC were 
p la c e d  on top o f  the n i t r o c e l l u l o s e  f i l t e r .  A s t a c k  o f  paper 
to w e ls  ( 5 -8cm h ig h )  j u s t  sm a lle r  than the 3MM paper were p la c e d  
on to p . A g l a s s  p l a t e  was put on top o f  the  to w els  and w eigh ted  
down w ith  a 500g w eig h t.  To p re v e n t  s h o r t - c i r c u i t i n g  o f  f l u i d
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between the to w els  and th e  3MM paper under the g e l  i t  was 
surrounded by a w a t e r - t i g h t  b o rd er  o f  p a r a f i lm .  T r a n s fe r  was 
a llo w ed  to procede f o r  24 h o u r s . The n i t r o c e l l u l o s e  f i l t e r  was 
then removed, soaked i n  6 x  SSC a t  room tem perature f o r  f i v e  
m inutes, a i r  d r ie d ,  then baked f o r  two hours a t  80°C.
2 .1 9 .  P re p a ra tio n  o f  r a d i o a c t i v e  probe.
Nick t r a n s l a t i o n :  (Rigby e t  a l . , 19 7 7 ) .
The r e a c t i o n  c o n s is te d  o f :
10 x N ick t r a n s l a t i o n  b u f f e r  
DNA probe (0.1/ig//xl) 10/il
dGTP (lOmM) l/ il
dCTP (lOmM) lfj,l
dTTP (lOmM) l p l
rjo
[a- P] dATP (800 Ci/mM) l p l
H 0 to  u l
2
The m ixture was c h i l l e d  to  0°C and 0.5/xl o f  d i l u t e d  DNase 1 
(0.1/xg/ml) was added. F iv e  u n i t s  (1^1) o f  DNA polym erase 1 was 
added and the  r e a c t i o n  in c u b a te d  a t  16°C f o r  one hour. The
r e a c t i o n  was stopped by adding 2 i^l o f  0.5M EDTA and the
n i c k - t r a n s l a t e d  DNA was s e p a r a te d  from u n in co rp o ra te d  dNTPs by 
g e l  f i l t r a t i o n  through a Sephadex G-50 column (M an iatis  e t  a l . , 
1982) .
Random Priming:
The Prime-a-Gene (Promega) l a b e l i n g  system based on the method 
developed by Feinburg and V o g e ls t e i n  (1983) was used.
The r e a c t io n  c o n s is te d  o f :
5 x  l a b e l i n g  b u f f e r  10/il
M ixture o f  3 u n la b e le d  dNTPs 20/iM each
Denatured l i n e a r  DNA tem p la te  500ng/ml
A c e t y la t e d  B .S .A . (lmg/ml) 2/xl
[a- P] dNTP (3000 Ci/mM) 5/il
Klenow enzyme 5U
S t e r i l e  w ater to  50/zl
The components were mixed g e n t ly  and the r e a c t i o n  tube
in cu bated  a t  room tem perature  f o r  s i x t y  m inutes. The r e a c t i o n
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was term in ated  by h e a t in g  a t  95°-100°C f o r  two m inutes and 
su b se q u en tly  c h i l l i n g  in  an i c e  b a th .  EDTA was added to  20mM 
and the m ixture  was used d i r e c t l y  in  a h y b r i d i z a t i o n  or s to r e d  
a t  -20°C f o r  l a t e r  u se .
2 .20 . H y b r id iz a t io n  o f  Southern f i l t e r s .
The baked f i l t e r  was soaked in  6 x  SSC f o r  two m inutes and 
s l ip p e d  in to  a h e a t - s e a la b le  bag . P r e h y b r id iz a t io n  f l u i d  
(0.2ml/cm2 o f  n i t r o c e l l u l o s e  f i l t e r )  warmed to  68°C was added 
to  the bag . A f t e r  squeezing  a i r  from th e  bag i t  was s e a le d  and 
in cu b a te d  a t  68°C on a sh akin g  t a b l e  f o r  two to  fo u r  h o u r s . 
A f t e r  p r e h y b r id iz a t io n  the f l u i d  in  th e  bag was r e p la c e d  w ith  
h y b r i d i z a t i o n  s o lu t io n  (50/il/cm o f  f i l t e r )  c o n ta in in g  the 
l a b e le d  denatured p ro b e . H y b r id iz a t io n  was a llo w ed  to  co n tin u e  
f o r  16-20 hours a t  68°C. A f t e r  h y b r i d i z a t i o n ,  the f l u i d  was 
removed from the bag and the f i l t e r  was t r a n s f e r r e d  to  a t r a y  
c o n ta in in g  a s o lu t io n  o f  2 x SSC and 0.5% SDS and in cu b ate d  a t  
room tem perature f o r  15 m in u te s . T his s o lu t io n  was then 
r e p la c e d  w ith  a s o lu t io n  o f  2.0 x  SSC and 0.1% SDS and the 
f i l t e r  in cu b ated  fo r  a fu r t h e r  15 m inutes. F i n a l l y ,  the  f i l t e r  
was in cu b ate d  f o r  2 hours a t  68°C in  a s o lu t io n  o f  0 . 1  x  SSC 
and 0.5% SDS. The b u f f e r  was then changed and in c u b a t io n  
c o n tin u ed  f o r  another 30 m inutes. The f i l t e r  was a i r  d r ie d  a t  
room tem perature on a sh e et  o f  Whatman 3MM paper, p la c e d  in  a 
p l a s t i c  h e a t  s e a la b le  bag and a p p l ie d  to  kodak x - r a y  f i lm .  
A f t e r  exposure , the f i lm  was d eve lo p ed  and f i x e d  u s in g  kodak 
DX-80 d e v e lo p e r  and kodak FX-40 x - r a y  l i q u i d  f i x e r .
2 .2 1 .  In s i t u  h y b r id i z a t i o n  o f  b a c t e r i a l  c o lo n ie s .  
N i t r o c e l l u l o s e  f i l t e r s  were p la c e d  on agar  p l a t e s  c o n ta in in g  
the  s e l e c t i v e  a n t i b i o t i c .  I n d iv id u a l  b a c t e r i a l  c o lo n ie s  were 
t r a n s f e r r e d  (u sin g  s t e r i l e  to o th p ic k s )  onto the f i l t e r s  and 
then onto a m aster agar p l a t e . The p l a t e s  were in cu b ated  a t  
37°C u n t i l  c o lo n ie s  had reach ed  0 . 5 -1.0mm in  w id th . The 
n i t r o c e l l u l o s e  f i l t e r s  were p la c e d  co lo n y  s id e  up on 3MM 
Whatman paper impregnated w ith  the  fo l lo w in g  s o l u t i o n s :
10% SDS (3 minutes) , d e n a tu rin g  s o l u t i o n  (5 m in u te s ) ,
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n e u t r a l i s i n g  s o lu t io n  (5 m inutes) and 2 x  SSPE (30 m inutes) . 
The f i l t e r s  were a i r  d r ie d ,  co lo n y  s i d e  up, f o r  30-60 minutes 
and were then baked on a sh e e t  o f  3MM pap er a t  80°C f o r  2 
h o u r s .
2 .22 . H y b r id iz a t io n  to  n i t r o c e l l u l o s e  f i l t e r s  c o n ta in in g  
r e p l i c a s  o f  b a c t e r i a l  c o lo n ie s .
The baked f i l t e r s  were f l o a t e d  on th e  s u r f a c e  o f  a 6 x  SSC
s o lu t io n ,  then immersed f o r  5 m inutes. The f i l t e r s  were then
sta c k e d  on top o f  one another in  a g l a s s  p e t r i  d is h .  Prewashing
s o lu t io n  (20ml) was added and the  f i l t e r s  in c u b a te d  a t  42°C f o r
2 hours on a shakin g t a b le .  The prew ashing s o l u t i o n  was poured
o f f  and the f i l t e r s  were t r a n s f e r r e d  to  a h e a t  s e a l a b l e  p l a s t i c
bag and in cu b ated  f o r  4-6 hours a t  42°C in  12ml o f
32p r e h y b r id iz a t io n  s o lu t io n .  The a P - l a b e l e d  probe DNA was 
denatured by h e a t in g  f o r  5 minutes to  100°C and i t  was added to 
the p r e h y b r id i z a t i o n  s o lu t io n .  H y b r id iz a t io n  co n tin u ed  fo r  16 
h o u r s . A f t e r  h y b r id i z a t i o n  the s o l u t i o n  was d is c a rd e d  and the 
f i l t e r s  washed 3-4 tim es, f o r  5-10 m inutes each wash, in  aI
l a r g e  volume o f  2 x SSC and 0.1% SDS a t  room tem perature. The 
f i l t e r s  were taken  washed tw ic e  f o r  1 hour in  100ml o f  a 
s o lu t io n  o f  1 x SSC and 0.1% SDS a t  68°C. The f i l t e r s  were a i r  
d r ie d ,  p la c e d  in  a h e a t  s e a la b le  p l a s t i c  bag  and exposed to 
x - r a y  f i lm  as d e s c r ib e d  fo r  Southern t r a n s f e r  f i l t e r s .
2 .2 3 . P re p a ra t io n  o f  o u te r  membranes f o r  SDS-PAGE.
One ml o f  a s t a t i o n a r y  phase c u l t u r e  was added to  250/il o f  T r is  
medium c o n ta in in g  v a r io u s  c o n tr a t io n s  o f  i r o n .  C e l l s  were 
h a r v e s te d  by c e n t r i f u g a t i o n  a t  50,000 rpm f o r  5 m inutes, washed 
w ith  lOmM t r i s  pH 7 .5 ,  p e l l e t e d  and the  wet w e ig h t  determined. 
C e l l s  were s o n ic a te d  (15 b u r s ts  o f  20 seconds w ith  40 second 
r e s t s )  in  an ic e - e t h a n o l  b a th .  A f t e r  s o n i c a t io n ,  DNase and 
RNase to  a c o n c e n tra t io n  o f  10/ig/ml were added and were p la c e d  
a t  22°C f o r  1 hour. C e l l  d e b r is  and u n ly s e d  c e l l s  were p e l l e t e d  
by c e n t r i f u g a t i o n  a t  10,000 rpm f o r  15 m in u te s . Supernatants 
were decanted  in to  screw-capped u l t r a c e n t r i f u g e  tubes and c e l l  
envelopes were p e l l e t e d  by sp in n in g  a t  50,000 rpm f o r  30
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m inutes. Outer membranes were prepared  b y  t r e a t i n g  the c e l l  
envelope p r e p a r a t io n  w ith  1% s a r k o s y l  which s e l e c t i v e l y  
d is s o lv e s  the in n e r  membrane. This procedure was r e p e a te d  once. 
Outer membrane p r e p a r a t io n s  were s o l u b i l i s e d  i n  a b u f f e r  
c o n ta in in g  25mM T r i s ,  pH 6 .8 ,  0.5% m e rc a p to e th a n o l, 1% SDS, ImM 
EDTA, 50% g l y c e r o l  and 0.005% bromophenol b lu e .
2.24. SDS polyacrylamide gel electrophoresis.
Samples were r o u t i n e l y  run on 10% SDS p o ly a c ry la m id e  g e l s .
G els were p repared  as f o l l o w s :
S e p a ra tin g  g e l  10%
B isa cry la m id e  s o l u t i o n  10ml
1M t r i s  pH 8.8 1 1 . 2ml
H 02 8.7ml
10% SDS 0.3ml
Temed 0 . 02ml
Ammonium p e rs u lp h a te  (10%) 0.1m l
S ta ck in g  g e l
B isa cry la m id e  s o l u t i o n 1ml
1M t r i s  pH 6.8 1.25m l
H 02 7.7m l
SDS (10%) 0.1m l
Temed 0 . 02ml
Ammonium p e rs u lp h a te  (10%) 0.075m!
The b is a c ry la m id e  s o lu t io n contained:
B isacry lam id e 1 .6 g
Acrylam ide 60g
H 0 200ml2
The s o lu t io n  was s to r e d  in  the dark a t  4°C. G els were r o u t in e ly  
run a t  30mA f o r  ap p ro xim ately  6-7 h o u rs . Running b u f f e r  
co n ta in ed  6.055g t r i s ,  28.82g g ly c in e  and 2g SDS/21. A f t e r  
e le c t r o p h o r e s is  g e l s  were s ta in e d  w ith  Coomassie Blue, 
d e sta in e d  and s t o r e d  in  7% a c e t i c  a c id .
D esta in  s o lu t io n  co n ta in e d :
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Methanol 400ml
H 0 500ml
2
A c e t ic  a c id  50ml
Coomassie b lu e  was added to  the  d e s t a in  s o l u t i o n  (5mg/l) to
prepare  the s t a i n .
2 .2 5 .  P re p a ratio n  o f  g e l  fragm ents p r i o r  to  use  as  a n t ig e n s .  
P r o te in s  to be used as a n t ig e n s  were c u t  out o f  SDS-PAGE g e l s ,  
minced f i n e l y  and suspended in  0. 5ml 1 x  PBS c o n ta in in g  0.1% 
t r i t o n - X .  P r o te in s  were a llo w e d  to  d i f f u s e  out o f  th e  g e l  
fragm ents o v e rn ig h t  a t  37°C. This su sp en sio n  was mixed w ith  
0.5ml o f  Freund's  com plete a d ju van t f o r  the  f i r s t  i n j e c t i o n  and 
w ith  Freund's incom plete a d ju van t f o r  subsequent i n j e c t i o n s .  
P r io r  to  i n j e c t i o n  the m ixture  was e m u ls i f ie d  by s o n i c a t io n .
2 .2 6 . Western b l o t t i n g .
F o llo w in g  e le c t r o p h o r e s is ,  the SDS p o ly a ce y lam id e  g e l  was 
e q u i l i b r a t e d  in  t r a n s f e r  b u f f e r  f o r  45 m inutes. A p i e c e  o f
n i t r o c e l l u l o s e  f i l t e r  was c u t  to  the dimensions o f  the  g e l  and)
a llo w ed  to soak in  t r a n s f e r  b u f f e r  f o r  15-30 m inutes. Two 
p ie c e s  o f  f i l t e r  paper p e r  g e l  were a ls o  s a tu r a te d  in  t r a n s f e r  
b u f f e r .  A T ra n s -B lo t  E le c t r o p h o r e t ic  T ra n s fe r  c e l l  apparatus 
(Biorad) was used in  the W estern B lo t  p ro cedure. A gel/membrane 
sandwich was c o n s tr u c te d  a c co rd in g  to  the diagram below:
gel
filter paper filter paper
nitrocellulose membrane 
The gel/membrane sandwich was p la c e d  between the  two p r e - w e tte d
f i b r e  pads o f  the t r a n s f e r  ap p aratu s, ta k in g  ca re  t h a t  the  g e l
was c l o s e s t  to  the cathode p a n e l.  T ra n s fe r  proceeded a t  60V f o r
5 hours. F ollow ing  t r a n s f e r ,  the  membranes were s t o r e d  wet a t
4°C in  h e a t - s e a le d  p l a s t i c  bags or used im m ediately.
2 .2 7 .  Procedure f o r  W estern B lo t  d e t e c t io n  o f  p r o t e in s .
A l l  washing and in c u b a t io n  s te p s  were c a r r i e d  o u t a t  room 
tem perature w ith  g e n t le  a g i t a t i o n .
The n i t r o c e l l u l o s e  membrane was f l o a t e d  on TBST u n t i l  e v e n ly
95
w et. To s a t u r a t e  n o n - s p e c i f i c  p r o t e i n  b in d in g  s i t e s ,  the TBST 
was r e p la c e d  w ith  b lo c k in g  s o l u t i o n .  A f t e r  30 minutes t h i s  
s o lu t io n  was decanted and r e p la c e d  w ith  TBST c o n ta in in g  the 
d e s ir e d  d i l u t i o n  o f  prim ary a n tib o d y .  The W estern b l o t  membrane 
was in cu bated  w ith  the a n itb o d y  f o r  1 -2  ho u rs . To remove 
unbound a n tib od y , the membrane was washed th re e  tim es w ith  TBST 
f o r  5-10 minutes each. The membrane was then t r a n s f e r r e d  to  
TBST c o n ta in in g  the a n t i - lg G  a l k a l i n e  ph osphatase  c o n ju g a te  and 
in cu b ated  f o r  30 m in u te s . A f t e r  w ashing the  membrane th r e e  
tim es w ith  TBST f o r  5-10 minutes each , th e  a l k a l i n e  phosphatase 
c o lo u r  r e a c t i o n  was c a r r i e d  o u t .  The membrane was b l o t t e d  dry 
on f i l t e r  paper and t r a n s f e r r e d  to  10ml o f  the  a l k a l i n e  
phosphatase development s o lu t io n .  R e a c t iv e  a rea s  turned p u r p le ,  
u s u a l l y  w ith in  1 - 1 5  m inutes. The r e a c t i o n  was stopped by 
r i n s i n g  the membrane in  d e io n iz e d  w a te r  f o r  s e v e r a l  m inutes.
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Chapter Three 
Detection, isolation and partial characterisation 
of a siderophore from Rhizobium meliloti 220-5.
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I3 .1  In tr o d u c t io n
The m a jo r ity  o f  s id ero p h o re  m o lecu les  f a l l  i n t o  e i t h e r  the 
hydroxamate o r  c a t e c h o l  c l a s s e s . Both f u n c t i o n a l  groups are  
c h e m ica lly  d e t e c t a b le  by c o lo u r im e tr ic  a s s a y s :  c a t e c h o ls  v i a
Arnow's method (Arnow, 1937) and hydroxam ates v i a  the  Csaky 
t e s t  (Csaky, 1948). R e c e n t ly ,  mugineic a c id ,  a p h yto sid e ro p h o re  
and r h iz o b a c t in ,  a s t r u c t u r a l l y  n o ve l typ e  o f  s id e ro p h o re ,  have 
been the fo c u s  o f  i n t e r e s t .  Using amine, c a r b o x y la t e ,  and 
a lc o h o la te  groups as b in d in g  s i t e s  f o r  i r o n ( i i i ) ,  such c h e la t e s  
la c k  s p e c i f i c  m o ie t ie s  f o r  chem ical a s s a y  and t h e i r  complexes 
are  on ly  w eakly  c o lo u re d  in  the v i s i b l e  r e g i o n  o f  th e  spectrum. 
U n t i l  r e c e n t l y ,  to  d e t e c t  s id ero p h o res  i n  such c a s e s ,  o n ly  
b i o l o g i c a l  a s s a y s ,  which are  s e n s i t i v e  b u t  t e d io u s ,  were 
p o s s i b le .  In  1987, Schwyn and N eila n d s r e p o r te d  on the 
development o f  a U n iv e r s a l  Chemical A ssa y  f o r  th e  d e t e c t i o n  o f  
s id ero p h o res . The a ss a y  which i s  based  on th e  a f f i n i t y  o f  the 
sid erop hores f o r  i r o n  i s  independent o f  t h e i r  s t r u c t u r e .  The 
fo l lo w in g  e q u a tio n  e x p la in s  the p r i n c i p l e :
TH TN 3 ~ X  T K  T 3 L A  ~  X ~FeDye + L  *■ FeL + Dye
A stro n g  l ig a n d  L, a s id ero p h o re, i s  added to  a h i g h l y  co lo u red
ir o n  dye complex. When the complex between th e  i r o n  and the
l ig a n d  i s  formed, th e  r e le a s e  o f  f r e e  dye i s  accompanied by a
c o lo u r  ch a n g e . The d y e , composed o f  a t e r n a r y  complex o f  Chrome
3 +A zurol S , hexadecyltrimethylammonium bromide (HDTMA) and Fe ,
3+i s  b lu e  b u t tu rn s  to  orange once the  Fe m o iety  i s  removed. 
The dye can be used  in  e i t h e r  a p l a t e  o r  s o l u t i o n  a s s a y .
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3 . 2  S id e r o p h o r e  p r o d u c t io n  i s  s t r a i n  s p e c i f i c  i n  Rhizobium 
s p e c i e s .
Chrome A z u r o l S b l u e  a g a r  p l a t e s  w e r e  p r e p a r e d  a s  a l r e a d y  
d e s c r i b e d  ( 2 . 3 )  a n d  s id e r o p h o r e  p r o d u c t io n  i n  a  v a r i e t y  o f  
R h iz o b a c t e r ia  w as t e s t e d  b y  g r o w in g  s t r a i n s  on  t h e  CAS p l a t e s  
an d  o b s e r v in g  a  c o l o u r  c h a n g e  fro m  b lu e  t o  o r a n g e  i n d i c a t i n g  
t h e  p r e s e n c e  o f  a  s i d e r o p h o r e .  T a b le  3 .1  su m m a r iz e s  t h e  r e s u l t s  
o b s e r v e d .
T a b le  3 .1
Rhizobium meliloti 2 0 1 1
DM4
2 2 0 - 5
2 2 0 -3
2 2 0 - 2 4
2 2 0 - 1  t o  -2 4  
( e x c l u d i n g  t h e  a b o v e )  
1 0 2 F 3 4  
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Rhizobium leguminosarum 
b io v a r  viciae VF39
J I  300  
B 164  
38 5 5  
B 151
Rhizobium leguminosarum
b io v a r  trifolii 1 0 2 7  +
FYM2 +
FYM1
RCR 5
P r o d u c t io n  o f  s id e r o p h o r e  
+
+
+
+
+
+
+
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32
46
221
Rhizobium loti LP22
LP27
LP28
N2P2042
Agrobacterium tumefaciens
1060 Ri p lasm id  
C58
9023 Plasm id f r e e  
4011
Pseudomonas fluorescens
DN12
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R e s u lts  from th e  CAS assay I n d i c a t e  t h a t  s id e ro p h o re  p ro d u ctio n  
i s  s t r a i n  s p e c i f i c  in  Rhizobium s p e c i e s .  T his s t r a i n  
s p e c i f i c i t y  was a ls o  observed  when R.trifolii s t r a i n s  were 
i s o l a t e d  from nodules p re s e n t  on c l o v e r  p la n t s  grown in  h ig h  pH 
s o i l s .  A lk a l in e  s o i l s  were chosen b e cau se  a t  pH 7 o r  g r e a t e r ,  
i r o n  i s  v i r t u a l l y  in s o lu b le  (Biedermann et al.,1957) and 
Rhizobium s t r a i n s  growing in  such an environment would be 
exp e cte d  to  have a h ig h e r  in c id e n c e  o f  s id e ro p h o re  p ro d u ctio n  
compared w ith  Rhizobium s t r a i n s  i n  a more a c id  environment, 
such as the b ra d y r h iz o b ia  from t r o p i c a l  s o i l s  (G uerin ot et al., 
1990), where ir o n  i s  more r e a d i l y  a v a i l a b l e .
Four a l k a l i n e  s o i l s  were chosen and p la n t e d  w ith  w h ite  c lo v e r  
seeds ( v a r i e t i e s  Huia and B lanco) which had been s u r fa c e  
s t e r i l i s e d  and germ inated (2 .4 )  f o r  2-3 days a t  room 
tem perature on TY p l a t e s .  A f t e r  fo u r  weeks nodules were removed 
from p la n t  r o o t s ,  s t e r i l i s e d  and th e  Rhizobium s t r a i n s  i s o l a t e d  
( 2 .5 ) .  Once p u r i f i e d  these  s t r a i n s  were t e s t e d  f o r  s id ero p h o re  
p ro d u c tio n  on CAS agar p l a t e s .  The r e s u l t s  o f  t h i s  a n a ly s i s  are  
p re se n te d  in  T able  3 .2 . I
Table  3 .2
S o i l  pH % T o t a l  N o .I s o la te s  No.+ve % P o s i t i v e  f o r  
Iro n  T ested  Sid eroph ore.
1 7.6 1 .0 4 40 17 40
2 8.6 0.67 84 48 54
3 7 .5 0 .13 63 25 40
4 7 .5 2.20 32 5 16
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3.3 Sid eroph ore  p ro d u ctio n  by Rhizobium meliloti 220-5.
To date  the most d e t a i l e d  work re g a r d in g  th e  p ro d u c t io n  o f  
s id ero p h o res  by Rhizobium s p e c ie s  has been c a r r i e d  out u s in g  
Rhizobium meliloti s t r a i n s  (Smith and N e ila n d s ,  1984, 1985;
G i l l  and N e ila n d s ,  1989). The work p r e s e n te d  f o r  t h i s  t h e s i s  i s  
concerned w ith  the  p ro d u ctio n  o f  a s id e ro p h o re  by Rhizobium 
meliloti 220-5 which g iv e s  a p o s i t i v e  r e a c t i o n  f o r  s id ero p h o re  
in  the CAS a s s a y .
3 . 3 . 1 .  The e f f e c t  o f  iro n  on the  growth o f  R.meliloti 220-5. 
A l iq u o ts  (1ml) o f  an o v e rn ig h t  c u l t u r e  o f  R.meliloti 220-5 
grown in  TY b r o th  were in o c u la te d  in to  fo u r  250ml f l a s k s  o f  low 
ir o n  T r is  medium (2 .3 )  c o n ta in in g  d i f f e r e n t  ir o n  
c o n c e n tra t io n s .  F la s k s  were in cu b ated  a t  30°C a t  150rpm and 
growth was a llo w e d  to  proceed f o r  24 h o u rs . Samples were taken 
from each o f  the  c u l t u r e s  a t  th re e  h o u r ly  i n t e r v a l s  and the 
o p t i c a l  d e n s i t y  a t  600nm measured. The r e s u l t i n g  growth curves 
are  p re se n te d  in  F ig .  3 . 1 .
From the graph i t  can be seen th a t ,  when the  ir o n  c o n c e n tra t io nI
i s  s t r i c t l y  l i m i t i n g  i . e .  when the i r o n  c h e la t o r  EDDA i s  added 
to  the  medium, the growth o f  R.meliloti 220-5 i s  s e v e r e ly  
r e ta rd e d . When 220-5 i s  grown in  the T r is  medium o n ly ,  which 
c o n ta in s  <l/iM Fe, i t s  growth i s  a ls o  l i m i t e d  b u t  not as 
s e v e r e ly  compared w ith  i t s  growth a t  h ig h e r  ir o n  
c o n c e n t r a t io n s .
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Growth of R. meliloti 2 2 0 -5  in different iron concentrations
TIME( hours)
Fig. 3.1
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3 .3 .2  P roduction o f  s id ero p h o re  by R.melLloti 220-5.
Using the  Chrome A zu ro l S s o l u t i o n  a s s a y  (2. 6 ) ,  samples taken  
from the  c u l t u r e  grown i n  T r i s  medium were t e s t e d  f o r  the 
p resen ce  o f  s id e ro p h o re . A 0.5ml a l i q u o t  o f  c e l l - f r e e  
su p ern atan t from each sample was mixed w ith  0.5ml CAS a ss a y  
s o lu t io n .  A r e fe r e n c e  was p re p a re d  u s in g  e x a c t l y  th e  same 
components e x ce p t  the s id e ro p h o re  ( e . g .  the  u n in o c u la te d  medium 
used to  c u l t u r e  R.mellloti 220-5) . A f t e r  re a c h in g  e q u i l ib r iu m  
the  absorbance was measured a t  630nm. F ig .  3 .2  shows the 
q u a l i t a t i v e  r e s u l t s  o f  th e  a s s a y  i . e .  the  check f o r  the 
p resen ce  o f  sid erop hore  b y  w a tc h in g  th e  c o lo u r  change from b lu e  
to  orange. F ig .  3 .3  g iv e s  th e  r e s u l t s  o f  the absorbance 
re a d in g s  measured a t  630nm. For th e  Fe-CAS-HDTMA complex an 
e x t i n c t i o n  c o e f f i c i e n t  o f  a p p ro x im a te ly  100,000 M 1cm 1 was 
found a t  630nm in  s o lu t io n s  b u f f e r e d  a t  pH 5.6 (Schwyn and 
N e ila n d s,  1987). At t h i s  w a velen g th  the o ra n g e -c o lo u re d , 
i r o n - f r e e  complex has e s s e n t i a l l y  no absorbance. The main 
a p p l i c a t i o n  o f  the CAS a s s a y  s o l u t i o n  i s  the q u a l i t a t i v e  check 
f o r  the  presence  o f  s id e ro p h o res  i n  c u l t u r e  su p e rn a ta n ts .-I
From F ig .  3 .2  i t  i s  o bserved  t h a t  th e  p ro d u ctio n  o f  s id e ro p h o re  
commences between 12 and 15 hours in to  the growth c y c l e . T his 
corresponds to  the o n se t  o f  e x p o n e n t ia l  growth seen in  F ig .
3 . 1 .
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F ig  3.2
Prod uction  o f  s id erop hore  by R.meliloti 220-5 over  a 24 
hour growth p e r io d .
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3 .3 .3 .  C l a s s i f i c a t i o n  o f  th e  R.meliloti 220-5 s id e ro p h o re .
As most s id e ro p h o res  b e lo n g  to  e i t h e r  the  c a t h e c o l a t e  or 
hydroxamate c l a s s e s ,  the  c e l l - f r e e  c u l t u r e  su p e rn a ta n t  o f  
R.meliloti 220-5, shown to  c o n ta in  a s id e ro p h o re ,  was t e s t e d  
f o r  the  p re se n ce  o f  th e s e  groups. A l l  a s s a y s  were used  as 
q u a l i t a t i v e  r a t h e r  than q u a n t i t a t i v e  t e s t s  f o r  t h e i r  p re se n ce . 
The Arnow a s s a y  (Arnow, 1939) i s  the a s s a y  most commonly used 
to  d e t e c t  the  p re se n c e  o f  c a th e c o l  g r o u p s . The a s s a y  was
o r i g i n a l l y  d eve lo p ed  to  determ ine l e v e l s  o f  
3 ,4 -d ih y d ro x y p h e n y la la n in e  and i s  based  on th e  f a c t  t h a t  t h i s  
substance g iv e s  a y e l lo w  c o lo u r  w ith  n i t r o u s  a c id ,  th e  y e l lo w  
c o lo u r  changing to  an in te n s e  o ra n g e-red  in  the p re se n c e  o f  
exce ss  sodium h y d ro x id e .  The same r e a c t i o n  o ccu rs  w ith
c a t h e c o ls .  The a s s a y  procedure i s  as fo l lo w s :  One ml o f  the
t e s t  s o lu t io n  was p i p e t t e d  in to  a t e s t  tube. To t h i s  was added,
in  the order g iv e n ,  1ml o f  0.5N h y d r o c h lo r ic  a c id  and 1ml o f  IN 
sodium hyd roxid e  and 2ml o f  w ater m ixing w e l l  a f t e r  each 
a d d it io n .  The r e s u l t s  o f  th e  Arnow a ss a y  are  g iv e n  in  T able  3.3 
and F ig .  3 .4 .
107
Table 3.3
Colour a f t e r  HC1 and Colour a f t e r
Sample Molybdate NaOH
D i s t i l l e d  H 0
2 C o lo u r le s s C o lo u r le s s
2,3  DHBA* Y ellow Red
3 ,4  DHBA* Y ellow Red
A n th r a n ila te C o lo u r le s s C o lo u r le s s
R.meliloti 
sup ern atant (24hrs) C o lo u r le s s C o lo u r le s s
R.meliloti 
su p ern atan t (60hrs) F a in t  y e l lo w C o lo u r le s s
T r i s  medium C o lo u r le s s C o lo u r le s s
* DHBA = Dihydroxybenzoic a c id .
■ idi
. - -'I
1 2 4i 4 5 6
_3V__ ¿mmmm
F ig  21.4
Tube 1: H 0 2
Tube 2: 2 , 3 -DHBA
Tube 3: 3 , 4 - DHBA
Tube 4: A n th r a n i la te
Tube 5: Supernatant (60 hours)
Tube 6: Supernatant (24 h o u rs)
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The r e s u l t s  in d ic a t e  t h a t  the  s id e ro p h o re  produced by 
R.meliloti 220-5 i s  not a c a t e c h o l .
A more s e n s i t i v e  method f o r  the d e te rm in a t io n  o f  c a te c h o ls  was
d eveloped  by Rioux in  1983. The p r o d u c t io n  o f  c a t e c h o l  was
d e te c te d  in  su p ern atan t f l u i d s  o f  a R.leguminosarum s t r a i n
where a n e g a t iv e  r e s u l t  had been o b ta in e d  w ith  the Arnow a ss a y .
The a ss a y  i s  based  on the re d u c t io n ,  i n  a c i d i c  c o n d it io n s ,  o f  
3+ 2+
Fe to  Fe by th e  v i c i n a l  h y d ro x y l  groups on the  c a t e c h o l .
The fo l lo w in g  re a g e n ts  were p i p e t t e d  i n t o  a p o ly s t y r e n e  tube in
the ord er  g iv en :
2. 3ml HO 2
0.2ml ^SO^ (20% v / v)  to  p ro v id e  a c i d i c
c o n d i t i o n s .
3+0.1m l F e r r i c  ammonium c i t r a t e  to  p ro v id e  the Fe
1.0m l T e s t  sample 
oi 
(1% w/v) s u b s t r a t e
3+0.4ml Ammonium f lu o r i d e  (2M) to  mask e x ce s s  Fe
2+0.4ml 1 ,1 0  p h en an th ro lin e  (l%w/v) r e a c t s  w ith  Fe
0.6ml H exam ethylenetetram ine (3M) p r o v id e s  a b u f f e r  f o r  theI
above r e a c t i o n .
The a s s a y  m ixture  was v o r te x e d  a f t e r  each a d d i t io n  and h ea ted
f o r  one hour a t  60°C a f t e r  the f i n a l  a d d i t io n .  To c o r r e c t  f o r
2+any co ntam in ation  o f  the a ss a y  m ixtu re  by Fe a b la n k  was 
p repared  whereby 1ml o f  d i s t i l l e d  w a te r  r e p la c e d  the sample. 
Absorbance was measured a t  510nm and r e s u l t s  are  p re se n te d  in  
Table  3 .4 .
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Table 3.4.
Sample Abs
C o rre cted  A b s . 
fo r  b la n k
C o r r e c te d  Abs 
f o r  T r i s  medium
Blank 0.081
2,3  DHBA 2/iM 0.468 0.367
4/xM 0.808 0.727
SfjtK 1.068 0.987
8/iM 1.486 1.405
Supernatant
R.meliloti 220-5 0 .15 7  0.076
Supernatant
R.meliloti 2011 0.232 0 .1 5 1
Supernatant
R.meliloti 102F34 0.180 0.099
Supernatant
P.fluorescens DN12 0.307 0.226
Supernatant
A.tumefaciens 1060 0.670 0.589
4/iM Hydroxylamine 0.092 0 .0 11I
80/iM Hydroxylamine 0.088 0.007
T r is  medium 0 .137 0.056
0.020
0.045
0.043
0.170
0.533
0 . 0 1 1
0.007
The r e s u l t s  o f  the  Clement Rioux a ss a y  a l s o  i n d i c a t e  th a t  
the  sid ero p h o re  in  the supern atant o f  Rhizobium meliloti 
220-5 i s  not a c a t e c h o l .
To a ssa y  f o r  the  hydroxamate group, th re e  methods d e s c r ib e d  by 
G illam  et al., 1981 were used.
Csaky T e s t  1948
This t e s t  f o r  bound hydroxalamine in v o lv e s  th e  h y d r o l y s is  o f  
the sample w ith  3M s u lp h u r ic  a c id  a t  130°C f o r  1 hour.
The procedure i s  as f o l lo w s  :
An a l i q u o t  (2ml) o f  the  t e s t  sample was p i p e t t e d  in to  a 
t e s t - t u b e .  S u lp h u r ic  a c id  (2ml, 3M) was added and the  s o lu t io n  
h y d ro ly sed . A f t e r  c o o l in g ,  the h y d ro ly s e d  s o l u t i o n  was r in s e d  
in to  a 50ml v o lu m e tr ic  f l a s k  and the f o l lo w in g  s o lu t io n s  added:
7ml 2M sodium a c e t a t e
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2ml Sulphanilam ide s o lu t io n  (1% w/v i n  30% v / v  a c e t i c
a c id )
2ml Iod ine  s o l u t i o n  (0.65% w/v in  1% w/v KI s o lu t io n )
The m ixture was s w ir le d  and a llo w ed  to  r e a c t  f o r  5 m in u te s .
Then the fo l lo w in g  were added:
2ml Sodium a r s e n i t e  (1.5% w/v in  d i s t i l l e d  w a te r)
2ml N -(1-N aph thyl)  e thylen ed iam in e s o l u t i o n
(0.05% w/v in  d i s t i l l e d  w ater)
The r e a c t i o n  m ixtu re  was l e f t  f o r  30 m inutes f o r  com plete 
co lo u r  development, a t  which time i t  was d i l u t e d  to  50ml and 
the absorbance measured a t  543nm. A b la n k  d e te rm in a t io n  was 
made by a d d it io n  o f  th e  re a g e n ts  to  an a l i q u o t  (2ml) o f  a c id  
h y d ro lysed  d i s t i l l e d  w a te r .  The r e s u l t s  a re  p r e s e n te d  i n  Table  
3 .5 .
Table 3 .5 .
Sample__________________________ Absorbance @ 543nm
Hydroxylamine (lmg/ml) 0.748
Acetohydroxamic a c id  (lmg/ml) 0,759
Supernatant o f
R.meliloti 220-5 0 .0 11
T r is  medium 0.000
2,3 DHBA (lmg/ml) 0.053
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P e r io d ic  A c id  T e s t
This t e s t  in v o lv e s  the o x id a t io n  o f  c e r t a i n  hydroxamic a c id s  
w ith  p e r io d i c  a c id .  The o x id a t io n  o f  f r e e  or a c y la t e d  
N -a lk y l-h y d ro xy la m in es  produces the  co rresp o n d in g
c i s - n i t r o s o  dimer whose Amax = 264nm.
An a l i q u o t  (1ml) o f  the  t e s t  sample was p i p e t t e d  in to  a 10ml
vo lu m e tr ic  f l a s k .  P e r io d ic  a c id  (2 .5m l o f  a 50mg/100ml s t o c k ) ,
2ml o f  d i s t i l l e d  w ater  and 5 drops o f  g l y c e r o l  were added. The*
f l a s k  was shaken to  mix the s o l u t i o n ,  th e  volume was made up to  
10ml w ith  d i s t i l l e d  w ater  and the  absorbance o f  the  f i n a l  
s o lu t io n  measured a t  264nm. A b la n k  was prepared  u s in g  
d i s t i l l e d  w ater  as the sample. The r e s u l t s  a re  p re se n te d  in  
Table 3 .6 .
T able  3 .6 .
Sample___________________________ Absorbance @ 264nm
Hydroxylamine (lmg/ml) 0.062
Acetohydroxamic a c id  (lmg/ml) 0.013
D e s fe r a l  (lmg/ml) 1 .5 5 5I
Supernatant
R.meliloti 220-5 0.040
T r is  medium 0.020
Primary hydroxamic a c id s  and hydroxylam ine do not produce the 
n i t r o s o  dimer thus a c co u n tin g  f o r  th e  low re a d in g s  o bserved  f o r  
hydroxylam ine and acetohydroxam ic a c id  in  the above a ss a y .
Berg and Becker T est
This t e s t  in v o lv e s  the d i r e c t  d e te rm in a t io n  o f  hydroxylam ine by 
the d im e r iz a t io n  o f  2 mol o f  8 -hydroxyquin olon e w ith  1 mol o f  
hyd roxlam in e.
An a l i q u o t  (2ml) o f  the t e s t  sample was p i p e t t e d  in to  a 50ml 
vo lu m e tr ic  f l a s k  and h y d ro ly s e d  w ith  an equal volume o f  3M 
s u lp h u r ic  a c id  f o r  one hour a t  130°C. A f t e r  h y d r o l y s is ,  14ml o f  
a 1M s o lu t io n  o f  NaOH and 2ml o f  a 1M s o lu t io n  o f  Na CO were
2 3
added to  the h y d r o ly s is  m ixture  to  a d ju s t  the pH to the v a lu e  
re q u ire d  f o r  the remainder o f  th e  a n a ly s i s  (pH 1 1 .0  + 0 .5 ) .  
8-hydroxyquinolone (2ml, 1% w/v i n  100% e th a n o l)  was added, the
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s o lu t io n  shaken and l e f t  f o r  one hour f o r  com plete c o lo u r  
development. A b la n k  was prepared  u s i n g  d i s t i l l e d  w a te r  as the 
t e s t  sample. The absorbance o f  th e  f i n a l  s o l u t i o n  was measured 
a t  700nm. The development o f  a g re e n  indooxine complex 
i n d ic a t e d  th e  p resen ce  o f  an hydroxamate gro u p . R e s u l ts  o f  the 
a ss a y  a re  g iv e n  in  Table 3 .7  and F ig .  3 .5 .
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Table 3.7
Sample
Presence o f  indooxine 
_______complex_______
Absorbance 
@ 700nm
Hydroxylamine
(lmg/ml)
D e s fe r a l  (lmg/ml)
(unhydrolysed)
D e s fe r a l  (lmg/ml)
(hydrolysed)
Supernatant
R.meliloti 220-5
(unhydrolysed)
Supernatant
R.meliloti 220-5
(hydrolysed)
T r is  medium 
(hydrolysed)
1 .8 2 7
0.034
0.345
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
-  «
'ii
F ig .  3.5
TUBE 1
2
3
4
5
6 
7
Hydroxylamine 
D e s fe r a l  (unhydrolysed)
D e s fe r a l  (h yd rolysed )
R.meliloti 220-5 su p ern ata n t (unhydrolysed) 
R.meliloti 220-5 su p ern ata n t (h y d rolysed )  
Low iro n  T r is  medium (unhydrolysed)
Low iro n  T r is  medium (h y d ro lysed )
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The r e s u l t s  o f  the th re e  a ss a y s  f o r  the  d e te rm in a t io n  o f  the 
hydroxamic a c id  group in  unknown s id e ro p h o res  i n d i c a t e  t h a t  the 
sid erop hore  o f  R.meliloti 220-5 i s  not a hydroxamate.
A r e p o rt  by G u erin o t e t  al., 1990 dem onstrated t h a t  c i t r i c  a c id  
i s  produced and used b y  c e r t a i n  Bradyrhizobium s t r a i n s  to 
se q u e ste r  ir o n .  To t e s t  the p o s s i b i l i t y  t h a t  th e  220-5 
sid erop hore  b e in g  produced c o u ld  be c i t r i c  a c id ,  th e  lo w - ir o n  
c u ltu r e  su p ern atan t was a ssa y e d  f o r  c i t r i c  a c id .
The Boehringer-Mannheim a s s a y  k i t  f o r  c i t r i c  a c id  was u sed . The 
fo l lo w in g  r e a c t i o n s  form th e  b a s i s  f o r  the a ss a y :
( i )  C i t r a t e  c i t r a t e —ly a a e  ^ O x a lo a c e ta te  + A c e ta te
In the presen ce  o f  the  enzymes m alate dehydrogenase (MDH) and 
L - l a c t a t e  dehydrogenase (L-LDH), o x a lo a c e t a t e  and i t s  
d e c a rb o x y la t io n  pro d u ct p y ru v a te  are  reduced to  L -m alate  and 
L - l a c t a t e ,  r e s p e c t i v e l y ,  by reduced n ico tin a m id e -a d e n in e  
d in u c le o t id e  (NADH).
( i i )  O x a lo a c e ta te  + NADH + H+ M— > L-m alate + NAD+
( i i i )  Pyruvate  + NADH + H+ L -LDH> L - l a c t a t e  + NAD+
The amount o f  NADH o x id is e d  in  r e a c t io n s  ( i i )  and ( i i i )  i s  
s to ic h io m e tr ic  w ith  the amount o f  c i t r a t e .  NADH was determ ined 
by i t s  absorbance a t  340nm. An i n i t i a l  absorbance A l determined 
the amount o f  NADH p r e s e n t  b e fo re  the above r e a c t i o n s  took 
p la c e ;  a second absorbance A2 determ ined how much NADH had been 
o x id is e d  in  the r e a c t i o n s .  R e s u lts  o f  the a s s a y s  a re  g iv e  in  
Table 3.8.
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Table 3.8.
Sample_________________
Blank
Standard C i t r i c
A c id  S o lu t io n  (0.397g/L)
Supernatant
R.meliloti 220-5 (24hrs) 
Supernatant
R.meliloti 220-5 (60hrs)
1 .4 1 7  0.560 0.836
1 .4 1 9  1 .4 18  0.001
1 .4 1 7  1 .4 1 6  0.001
A1_________A2________AA_
1.436 1.415 0.021
U sing the AA340 o f  0.836 o b ta in e d  in  the a s s a y ,  the  
c o n c e n tra t io n  o f  the sta n d a rd  c i t r i c  a c id  s o lu t io n  (0 .397g/L) 
was determined to  be 0.385g/L, i n d i c a t i n g  the  a c cu ra c y  o f  the  
a s s a y .  No change in  the NADH c o n c e n t ra t io n  a f t e r  th e  a d d i t i o n  
o f  c i t r a t e  ly a s e  was o bserved  when the su p ern ata n t c o n ta in in g  
the  R.meliloti 220-5 s id e ro p h o re  was t e s t e d  i n d i c a t i n g  t h a t  the 
sid ero p h o re  i s  not c i t r i c  a c id .
The r e s u l t s  o f  the a ssa y s  to  d e t e c t  c a te c h o l  and hydroxamateI
s id e ro p h o res  su g g e st  t h a t  the sid ero p h o re  o f  R.meliloti 220-5 
b e lo n g s  to  the " r h iz o b a c t in "  c l a s s  o f  s id e ro p h o re s  and 
fo l lo w in g  the example o f  G i l l  and N eiland s (1989) where the 
sid ero p h o re  from R.meliloti 1021 was named r h i z o b a c t i n  1021, 
t h i s  sid ero p h o re  has been named r h i z o b a c t i n  220-5.
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3. 4.  I r o n - n u t r i t i o n  b io a s s a y s  t o  d e t e c t  s id ero p h o re
a c t i v i t y
EDDA (2. 3)  c h e la t e s  ir o n  ( I I I )  w ith  an apparent s t a b i l i t y
30 __c o n sta n t  near 10 . B a c t e r i a l  growth i n h i b i t i o n  by EDDA-induced
ir o n  d e p le t io n  i s  a l l e v i a t e d  by s p e c i f i c  i r o n  tr a n s p o r t  agen ts
or by e x ce s s  iro n . To c a r r y  out th e  i r o n  n u t r i t i o n  b i o a s s a y s ,
200/xl o f  an o v e rn ig h t  c u l t u r e  o f  Rhizobium was in o c u la te d  in to
25ml a l i q u o t s  o f  molten T r is  medium and poured in to  s t e r i l e
p l a t e s . W e l l s , 50mm i n  d iam eter, were c u t  o u t  o f  the  agar  p l a t e s
and 20jil o f  the  t e s t  s o lu t io n  p i p e t t e d  in to  the  w e l l s .  Growth
was a llo w ed  to  proceed  f o r  24-48 hours a t  30°C and p l a t e s  were
examined f o r  h a lo s  o f  b a c t e r i a l  growth surrounding w e l l s
b e a r in g  b i o a c t i v e  t e s t  s o lu t io n s .
A ssays were c a r r i e d  out on R.meliloti DM4, R.melLlotL 65, 
R.meliloti 102F34 and a s id e ro p h o re  n e g a t iv e  mutant o f  
R.meliloti 2011 and 220-5.  The r e s u l t s  o f  th e  b io a s s a y s  (Table 
3.9)  g iv e s  fu r t h e r  e v id en ce  f o r  the  s t r a i n  s p e c i f i c i t y  o f  
s id ero p h o re  p ro d u ctio n  in  Rhizobium s p e c ie s  s in c e  i t  was shown 
t h a t  R.meliloti DM4, 65 and 102F34 cannot use the sid ero p h o reI
produced by R.meliloti 220-5 w h ile  R.meliloti 2011 can. The 
ir o n  n u t r i t i o n  b io a s s a y s  a ls o  co nfirm ed  the  f in d in g s  o f  the 
c a t e c h o l  and hydroxamate a ss a y s  as i t  was a ls o  shown th a t  
R.meliloti 220-5 co u ld  n o t use h y d ro x y la m in e , 2 ,3  DHBA or
a n t h r a n i la t e  as sources o f  complexed ir o n .
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Table 3.9.
S t r a in
T e s t  S o lu t io n *
(growth measured in  mm) 
A B C D E F G H
R.meliloti DM4 260 350
65 250 300
102F34 260 230
2011-1 300 350 110 80
2 20 -5-1 300 250 150 70
* Hydroxylamine (A),  a n th r a n i la te  ( B ) , d e s f e r a l  ( C ) , 2,3 DHBA 
(D) , CAA ( E ) , Fe (F) , co n cen tra te d  su p ern ata n t (24 hours) ( G ) , 
c o n c e n tra te d  su p ern ata n t (60 hours) (H) .
R h iz o b a c t in  220-5 was i s o l a t e d  fo l lo w in g  th e  procedure f o r  the 
i s o l a t i o n  o f  r h i z o b a c t i n  from R.meliloti DM4 d e s c r ib e d  by Smith 
and N eilan d s (1984).  A s i n g le  co lo n y  o f  R.meliloti 220-5 was
I
used to  i n o c u la t e  5ml TY b ro th .  A f t e r  r e a c h in g  s t a t i o n a r y  
p h a s e , 1ml o f  t h i s  c u lt u r e  was used to  i n o c u la t e  8 x 250ml 
f l a s k s  o f  low ir o n  T r is  medium. The f l a s k s  were shaken a t  30°C, 
150rpm f o r  48 hours. A f t e r  removal o f  the  c e l l s  by 
c e n t r i f u g a t i o n  the sup ern atan t was f r e e z e - d r i e d  and 
c o n c e n tra te d  approxim ately  1 0 - f o l d .  A pp roxim ately  0 . 5g/L 
FeS0^.7Hz0 was added to the y e l lo w  c u l t u r e  su p ern a ta n t.  The 
r e s u l t a n t  orange s o lu t io n  was brought to >95% s a t u r a t i o n  w ith  
ammonium s u lp h a te  (0.65Kg/L) and the pH a d ju s t e d  to  5 . 1  w ith  
c o n c e n tra te d  HC1. The s o lu t io n  was e x t r a c t e d  w ith  approxim ately  
1/5 volume o f  p h en o l:ch lo ro fo rm  [ 1 . 0 : 1 . 5  (w/w)] and the  orange 
o rg a n ic  e x t r a c t  was f i l t e r e d  through two l a y e r s  o f  Whatman No 1 
f i l t e r  pap er, d i l u t e d  w ith  6 p a r ts  d i e t h y l e t h e r , and the  orange 
c o lo u r  c o m p le te ly  b a c k - e x tr a c te d  in to  w a te r .  The b a c k - e x t r a c t  
was washed w ith  d ie t h y le t h e r  to  remove t r a c e s  o f  p h e n o l . The 
crude e x t r a c t  c o n ta in in g  f e r r a t e d  r h i z o b a c t i n  was c o n c en tra te d  
to  d ryness by l y o p h i l i s a t i o n  and r e d i s s o lv e d  in  0.2M p y r id in e  
and a d ju s t e d  to  pH 6 .4  w ith  g l a c i a l  a c e t i c  a c id .  The s o lu t io n
3. 5 .  I s o l a t i o n  o f  r h iz o b a c t in  220-5
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was chromatographed on a column (18cm x  1cm) c o n ta in in g  
DEAE-Sephadex-C-25 e q u i l i b r a t e d  w ith  0. 2M p y r i d i n e - a c e t i c  a c id ,  
pH 6 .4 .  F ra c t io n s  c o n ta in in g  s id ero p h o re  were m onitored  by a 
sp o t a ss a y  u s in g  Hathway's re a g e n t  (2 .6 )  ( F ig .  3 . 6 . )  On 
DEAE-Sephadex, the s o l u t i o n  s p l i t  in to  two f r a c t i o n s ;  the major 
f r a c t i o n  (A) was n o t  r e ta r d e d  on the column w h ile  th e  o th e r  
f r a c t i o n  (B) was r e t a in e d  and was e lu t e d  w ith  0.8M p y r id i n e  pH
5 .3 .  Both f r a c t i o n s  were b i o a c t i v e  as determ ined by iro n  
n u t r i t i o n  b i o a s s a y s .  F r a c t io n s  A and B were f r e e z e - d r i e d  and 
resuspended in  0.2M p y r id in e ,  pH 5 .3 .  The f r a c t i o n s  were 
chromatographed on a column c o n ta in in g  B io -G e l  P2 (200-400 
Mesh, B io rad  l a b o r a t o r i e s )  e q u i l i b r a t e d  in  0.2M p y r id i n e  pH
5 .3 .  F r a c t io n  A gave r i s e  to  a f r o n t  running minor f r a c t i o n  C 
and a major f r a c t i o n  D. Both f r a c t i o n s  were b i o a c t i v e  (F ig .
3 . 7 . ) .  F r a c t io n  B ran  as a compact band. F r a c t io n  B and D were 
d e fe r r a te d  w ith  8-hydroxyquinolone ( 2 .6 ) .  D e fe rra te d  
r h iz o b a c t in  220-5 was c o n v e rted  to  the f r e e  a c id  b y  passage 
through a column o f  CM-sephadex C-25 e q u i l i b r a t e d  in  w a te r .  The 
e lu a te s  were l y o p h i l i s e d  to  d ryn ess.
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FRACTIONS 1 - 1 2
Fig 3.6
Spot assay o f  i n d iv id u a l  column e lu t i o n s  com prising  
f r a c t i o n  A. The green c o lo u r  i n d ic a t e s  the p resen ce  o f  
s id e ro p h o re .
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F ig  3.7
B io a c t iv e  samples from f r a c t i o n s  D and C.
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A schem atic  diagram o f  the i s o l a t i o n  i s  g iv e n  in  F ig .  3 .8 .
Concentrated Supernatant
Addition of FeSO + ammonium sulphate
Extraction with phenol:chloroform
lyophilisation 
Resuspended in 0.2M pyridine pH 6.4
Chromatograped on DEAE-Sephadex
Fraction A
Unretained Retained
(Bioactive) (Bioactive)
lyophilisation
Chromatographed Chromatographed
on Bio-Gel F2 on Bio-Gel P2
minor major major
fraction C fraction D fraction B
(bioactive) (bioactive) (bioactive)
Deferration
Chromatographed on
CM-sephadex
free acid free acid
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3 . 5 . 1  IR spectrum o f  r h i z o b a c t i n  220-5.
F r a c t io n  D, b e in g  the l a r g e s t  f r a c t i o n  o b ta in e d  in  the 
p u r i f i c a t i o n  procedure was a n a lysed  by IR s p e c tr o s c o p y .  An 
i n fr a r e d  spectrum i s  a h i g h ly  c h a r a c t e r i s t i c  p r o p e r ty  o f  an 
o rg an ic  compound and can be used to  e s t a b l i s h  i d e n t i t y  o f  
compounds and to  r e v e a l  th e  s t r u c t u r e  o f  new compounds. Changes 
in  v i b r a t io n s  o f  a m olecule  are  caused by a b s o r p t io n  o f  
i n f r a r e d  l i g h t  and a p a r t i c u l a r  p a r t  o f  the spectrum i s  
r e f e r r e d  to  by i t s  fre q u en cy  which i s  e x p re sse d  in  wavenumbers, 
cm 1 or r e c i p r o c a l  c e n t im e t r e s . A p a r t i c u l a r  group o f  atoms 
g iv e s  r i s e  to  c h a r a c t e r i s t i c  a b so rp tio n  b a n d s , i . e .  a 
p a r t i c u l a r  group absorbs l i g h t  o f  c e r t a i n  f r e q u e n c ie s  t h a t  are 
much the same from compound to  compound. For example, the 0-H 
group o f  a lc o h o ls  absorbs s t r o n g ly  a t  3200-3600cm 1 ; the C=0 
group o f  ketones a t  1710cm 1 and the CH3 group a t  1450 and 
1375cm'1 .
The IR spectrum was o b ta in e d  on a P e rk in  Elmer 983G I n fr a r e d  
spectrophotom eter u s in g  potassium  bromide (KBr) d is k s . I R  
s p e c tr a  fo r  2 ,3  DHBA and hydroxylam ine were a ls o  o b ta in e d .  F ig .I
3 .9 .  shows the IR spectrum o f  f e r r a t e d  r h i z o b a c t i n  220-5, 2,3 
DHBA and hydroxylam ine HC1.
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F ig . 3.9
IR spectrum o f  fe r r a te c i  r h iz o b a c t in  220-5
1 2 4
F ig .  3.9 (c o n td .)
IR spectrum o f  2 , 3-D ihyd roxybenzoic  a c id
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F i g . 3.9 ( c o n t d , )
IR spectrum o f  Hydroxylamine
126
S tru c tu ra l  in fo rm atio n  from the in fr a r e d  s p e c tr a :
Low frequency r e g io n  (1000-625cm : )
Aromatic C-H bending g iv e s  stro n g  a b so rp tio n s  below 900cm 1 . In 
the IR spectrum o f  2 ,3  DHBA, an arom atic compound, the presence  
o f  four a b so rp tio n  bands between 900-600cm 1 confirm s the 
aromatic nature o f  the compound. Hydroxylamine HC1, which i s  
not an aromatic compound la c k s  a b so rp tio n  bands in  t h i s  re g io n .  
The same i s  tru e  o f  the IR spectrum o f  f e r r a t e d  r h iz o b a c t in  
220-5. The la c k  o f  a b so rp tio n  bands in  the 1000-625cm 1 re g io n  
show th at t h i s  compound i s  not a ro m atic ,  co n firm in g  the 
fin d in g s  o f  the Arnow and Rioux assay s  f o r  c a t e c h o l s .
High frequency r e g io n  (4000-1350cm X)
In t h is  re g io n  a s tro n g  broad band a t  -  3400cm 1 i n d ic a t e s  0-H 
s t r e tc h in g ,  w h ile  a weaker, sharper band i n d ic a t e s  N-H 
s tr e tc h in g .  In the th re e  IR s p e c tr a ,  th e re  are  O-H s t r e t c h e s  a t  
approxim ately 3400cm1 . For hydroxylam ine, the N-H s t r e t c h  th a t  
should occur in  t h i s  r e g io n  i s  b e in g  masked by the  s tro n g  0-H 
s t r e t c h  o f  the h y d ro x y l group. However the s tro n g  band a t  
1600cm 1 in  the hydroxylamine spectrum i n d i c a t e s  the N-H 
s tr e tc h in g .  The s tro n g  a b so rp tio n  band a t  1679cm 1 in  the IR 
spectrum o f  2,3 DHBA i s  i n d i c a t i v e  o f  a C=0 group a tta ch e d  to 
an aromatic group. A bsorp tio n  bands o f  t h i s  freq u en cy  are 
m issing in  the IR s p e c tr a  o f  hydroxylam ine and r h iz o b a c t in  
220-5.
The f i n g e r - p r i n t  r e g io n  (1350-1000cm 1)
Two substances th a t  have i d e n t i c a l  i n f r a r e d  s p e c t r a  a re ,  in 
e f f e c t ,  i d e n t i c a l  and must almost c e r t a i n l y  be the same 
compound. One r e g io n  o f  the IR spectrum (13 5 0 -1000cm is  
c a l le d ,  a p p r o p r ia te ly ,  the f i n g e r - p r i n t  r e g io n .
The la c k  o f  bands in  the arom atic r e g io n  o f  i t s  IR spectrum 
confirms th a t  r h i z o b a c t i n  220-5 i s  not a c a t e c h o l .  That i t  i s  
not a hydroxamate i s  demonstrated by the d i f f e r e n c e  in  the 
f i n g e r - p r i n t  re g io n s  o f  the IR s p e c tr a  o f  hydroxylam ine HC1 and 
f e r r a t e d  r h iz o b a c t in  220-5.
1 2 7
3.6 Thin-layer chromatography.
D e fe rra te d  r h i z o b a c t i n  220-5 was a n a ly s e d  by t h i n  l a y e r  
chromatography. The s o lv e n t  system used was m eth an o l:w ater  9 : 1 .  
The sample was s p o t te d  onto s i l i c a  c o a te d  g la s s  and a llo w ed  to  
dry b e fo re  running in  th e  s o lv e n t .  P la t e s  were v iew ed  under UV 
l i g h t  and sprayed  w ith  an i r o n  re a g e n t  (0.1M F eC lg in  lOmM 
H C l) . Under UV l i g h t  two bands were v i s u a l i s e d  c l o s e  t o g e th e r .  
When sprayed w ith  th e  i r o n  re a g e n t  th e s e  bands tu rn ed  orange, 
the c o lo u r  o f  f e r r a t e d  r h i z o b a c t i n .  The p resen ce  o f  two bands 
in d ic a te d  th a t  the  d e f e r r a t e d  r h i z o b a c t i n  220-5 p r e p a r a t io n  was 
not homogenous. An attem pt was made to  p u r i f y  th e  sample by 
running i t  on a s i l i c a  p l a t e ,  v ie w in g  under UV l i g h t ,  sc ra p in g  
o f f  the s i l i c a  c o n ta in in g  the major band and e l u t i n g  t h i s  band 
in  methanol. The procedure  was s u c c e s s f u l ,  however, the  y i e l d  
o f  pure r h i z o b a c t i n  was v e r y  low and f u r t h e r  a n a l y s i s  proved 
im p o ssib le .  F ig .  3 .1 0 .  shows the m ig ra t io n  o f  the bands on the 
TLC p l a t e .
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Fig. 3.10
M ig ra tio n  o f  a sample o f  d e fe r r a t e d  r h i z o b a c t i n  220-5 on a 
TLC p l a t e .  The arrows i n d ic a t e  th e  sample a p p l ic a t io n  
l e v e l ,  the p o s i t i o n  o f  the sample and the  s o lv e n t  f r o n t .
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D is c u ss io n  Three
The development o f  th e  Chrome A zu ro l S u n i v e r s a l  chem ical a ss a y  
f o r  the d e t e c t i o n  o f  s id erop hores by Schwyn and N eilan d s (1987) 
has proved to  be o f  g r e a t  v a lu e  in  th e  a r e a  o f  s id ero p h o re  
re se a rc h , n o t  o n ly  f o r  the a b i l i t y  to  d e t e c t  s id e ro p h o res  
independent o f  s t r u c t u r e  b u t a ls o  f o r  i n v e s t i g a t i o n  o f  the 
m olecular g e n e t i c s  o f  s id erop hore  sy ste m s. The a s s a y  i s  
p a r t i c u l a r l y  u s e f u l  when a p p lie d  to  the  a re a  o f  re se a rc h  
concerned w ith  s id e ro p h o re  p ro d u c tio n  by Rhizobium s p e c ie s ,  
c o n s id e r in g  th e  a t y p i c a l  nature  o f  s id e ro p h o re s  produced by 
R.meliloti s t r a i n s .
In t h i s  stu d y  the  CAS a ss a y  was used to  t e s t  s id ero p h o re
p ro d u ctio n  b y  a number o f  s t r a i n s  b e lo n g in g  to  d i f f e r e n t
Rhizobium s p e c i e s .  The r e s u l t s  o f  the  a n a l y s i s  p re se n te d  in
Table 3 .1  i n d i c a t e  th a t  sid ero p h o re  p ro d u c t io n  i s  s t r a i n
s p e c i f i c  in  Rhizobium s p e c ie s .  T his was f i r s t  i n d ic a t e d  in  a
re p o rt  by Smith and N eilands (1984) where o n ly  s i x  o f  t h i r t e e n
R.meliloti s t r a i n s  t e s t e d  co u ld  u t i l i z e  the s id e ro p h o re ,
r h iz o b a c t in ,  produced by R.meliloti DM4 and a g a in  in  a r e p o rt
by G uerinot et al. (1990) where o n ly  one o f  20 s t r a i n s  o f
Bradyrhizobium t e s t e d  produced the s id e ro p h o re ,  c i t r i c  a c id .
Table 3 .2  p r e s e n ts  the r e s u l t s  o f  th e  a n a l y s i s  f o r  the
pro d u ctio n  o f  s id e rp h o re  o f  219 Rhizobium trifolii i s o l a t e s
from c lo v e r  p la n t s  grown in  fo u r  d i f f e r e n t  a l k a l i n e  s o i l s .
These r e s u l t s  a l s o  su g g e st  t h a t  s id e ro p h o re  p ro d u c tio n  i s
s t r a i n  s p e c i f i c  in  Rhizobium. A lower in c id e n c e  o f  s id ero p h o re
p ro d u ctio n  in  Rhizobium s t r a i n s  i s o l a t e d  from c l o v e r  grown in
s o i l  4, (T able  3 .2 )  may be due to  the  h ig h  p e rc e n ta g e  t o t a l
ir o n  in  t h i s  s o i l  compared to the o th e r  t h r e e .  T o ta l  iro n ,
3+
however, cannot be used as an i n d ic a t io n  o f  a v a i l a b l e  Fe but
3+
no r e l i a b l e  a s s a y  f o r  the d e term in a tio n  o f  Fe from s o i l  
e x i s t s  a t  th e  moment. N e v e r th e le s s ,  s o i l  4 c o u ld  p o sse ss  a 
h ig h e r  p e rc e n ta g e  o f  b i o a v a i l a b l e  ir o n  compared to  the o th er  
th ree  s o i l s  and t h i s  could  account f o r  th e  low er p e rc e n ta g e  o f  
sid erop hore  p o s i t i v e  s t r a i n s .  Apart from d em onstratin g  the 
s t r a i n  s p e c i f i c i t y  o f  sid erop hore  p ro d u c tio n  i n  Rhizobium 
s p e c ie s ,  th e  r e s u l t s  o f  t h i s  a n a ly s is  a l s o  su g g e st  t h a t  the 
a b i l i t y  to  produce a s id ero p h o re  c o n fe rs  no obvious advantage
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on Rhizobium s t r a i n s  re g a rd in g  sy m b io s is ,  s in c e  a l l  s t r a i n s ,  
both siderophore p o s i t i v e  and n e g a t iv e ,  were i s o l a t e d  from 
e f f e c t i v e  n o d u les .  P o ss e s s io n  o f  a s id e ro p h o re  may b e n e f i t  
Rhizobium s t r a i n s  by a id in g  c o m p e tit io n  a g a i n s t  o th e r  
microorganisms i n  the s o i l  and sid ero p h o re  pro d u cin g  s t r a i n s  
may dominate over  non-producing s t r a i n s  as i s  seen  w ith  the 
pseudomonads. D e t a i le d  s tu d ie s  on the  p la sm id  p r o f i l e s  o f  
s t r a i n s  i s o l a t e d  from c lo v e r  p la n ts  grown i n  v a r io u s  s o i l s ,  in  
co n ju n ctio n  w ith  t h e i r  s id ero p h o re  s t a t u s ,  would have to  be 
undertaken to  determ ine whether o r  n o t  t h i s  i s  the  c a s e .
The Rhizobium s t r a i n ,  R.meliloti 220-5 was shown to  be p o s i t i v e  
f o r  s iderophore p ro d u c tio n  u s in g  the CAS a s s a y  (T able  3 . 1 ) .  
Because most o f  the  work on the p r o d u c t io n , s t r u c t u r e  and 
m olecular b io lo g y  o f  s id e ro p h o res  in  Rhizobium s p e c ie s  has been 
c a r r ie d  out on R.meliloti s t r a i n s ,  i t  was d e cid ed  to  examine 
the pro d u ctio n  o f  the  s id ero p h o re  from R.meliloti 220-5 in  more 
d e t a i l .
That the growth o f  R.meliloti 220-5 i s  r e g u la t e d  by the 
c o n c e n tra t io n  o f  a v a i l a b l e  ir o n  in  the medium i s  dem onstrated
I
by the growth cu rve s  p re se n te d  in  F ig .  3 . 1 .  While th e r e  i s  o n ly  
a s l i g h t  in c r e a s e  in  growth when the s t r a i n  i s  grown a t  40/iM 
ir o n  as opposed to  1/xM ir o n ,  growth o f  the  s t r a i n  i s  s e v e r e l y  
re ta rd e d  when the  i r o n  in  the medium i s  bound by an iro n  
c h e la to r  (EDDA) and i s  thus u n a v a i la b le  to the b a cter iu m .
Using the Chrome A zu ro l S s o lu t io n  a ss a y  to  t e s t  samples taken 
a t  th ree  h o u r ly  i n t e r v a l s  d urin g  the growth o f  R.meliloti 220-5 
in  low iro n  T r is  medium i t  was observed  (F ig .  3 .2  and 3 .3 )  th a t  
the p rod uction  o f  s id ero p h o re  commences 1 2 -15  hours i n t o  the 
growth c y c l e ,  c o in c i d in g  w ith  the o n se t  o f  e x p o n e n t ia l  growth. 
Up to t h i s  p o in t ,  growth o f  the s t r a i n  was v e r y  g ra d u a l and 
presumably i t s  i r o n  requirem ent was b e in g  met by the 
l o w - a f f i n i t y  i r o n  uptake system. At some p o in t  th e  iro n  
c o n c e n tra t io n  o f  the  medium must become too low to  be 
e f f e c t i v e l y  s e q u e s te re d  by the l o w - a f f i n i t y  system and a t  t h i s  
p o in t  the h i g h - a f f i n i t y  uptake mechanism comes in to  o p e r a t io n .  
Log-phase growth can then commence.
As w e l l  as a q u a l i t a t i v e  check f o r  the  p re se n c e  o f
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s id e ro p h o r e s , the CAS a s s a y  s o l u t i o n  can a ls o  be used
q u a n t i t a t i v e l y  to  stu dy  th e  dependence o f  s id e ro p h o re  s e c r e t io n
on n u t r i e n t s ,  such as i r o n .  F ig .  3 .3 .  p r e s e n ts  the r e s u l t s  o f  
the  q u a n t i t a t i v e  d e te rm in a tio n  o f  s id e ro p h o re  p ro d u c t io n  in  a
low i r o n  medium. However, t h i s  a s s a y  i s  o f  g r e a t e s t  v a lu e  when
used sim ply to  check f o r  th e  p re se n c e  o f  s id e ro p h o re  in  c u l t u r e  
s u p e r n a ta n ts .
The s id e ro p h o re -c o n ta in in g  su p ern a ta n t  o f  R.meliloti 220-5 was 
t e s t e d  f o r  the p resen ce  o f  c a t e c h o l  and hydroxamate groups 
u s in g  s i x  c o lo u r im e tr ic  a s s a y s  d e s c r ib e d  in  the l i t e r a t u r e .  
R e s u l ts  from the commonly used  Arnow a ss a y  and the  more
r e c e n t l y  developed c a t e c h o l  a s s a y  (Rioux et al. 1983) in d ic a t e d
t h a t  the  s id erop hore  was n o t  a c a t e c h o l .  T e s t in g  the  R.meliloti 
220-5 supern atant f o r  th e  p re se n c e  o f  hydroxamate u s in g  th re e  
s e p a ra te  hydroxamate a ss a y s  su g g e ste d  t h a t  the sid ero p h o re  does 
not belo n g  to t h i s  c l a s s  o f  s id e ro p h o re  e i t h e r .  T e s t in g  the
su p ern atan t w ith  an a ss a y  f o r  c i t r i c  a c id  exclu d ed  c i t r a t e  as
the p o s s ib le  s id ero p h o re  produced by R.meliloti 220-5. R e s u lts  
from the assay s  le a d  to  the  c o n c lu s io n  t h a t  the sid ero p h o re  o f  
R.meliloti 220-5 b e lo n gs  to  the r e c e n t l y  d is c o v e re d  t h i r d  c l a s s  
o f  s id e ro p h o re s ,  t y p i f i e d  by r h i z o b a c t i n  from R.meliloti DM4. 
The sid ero p h o res o f  R.meliloti 10 21, 102F28 and DM5 a ls o  b e lo n g  
to  t h i s  c la s s  (Schwyn and N e i la n d s , 1987). Thus, the p ro d u c tio n  
o f  a t y p i c a l  s id ero p h o res  appears to  be a g e n e ra l  phenomenon 
among R.meliloti s t r a i n s  which p o s s e s s  a s id e ro p h o re .  So f a r ,  
o n ly  the s t r u c tu r e  o f  r h i z o b a c t i n  from R.meliloti DM4 has been 
determined and i t  remains to  be seen whether the  s id e ro p h o res  
from the o th er  R.meliloti s t r a i n s  a re  s t r u c t u r a l l y  s i m i l a r .
The siderophore from R.meliloti 220-5, c a l l e d  r h i z o b a c t i n  
220-5, was i s o l a t e d  a c c o rd in g  to  the procedure used to  i s o l a t e  
r h i z o b a c t i n  from R.meliloti DM4. When f e r r i c  su lp h a te  was added 
to  the y e l lo w  c u l t u r e  su p ern ata n t o f  R.meliloti DM4 the 
r e s u l t a n t  f l u i d  was aqua-green  in  c o lo u r  (Smith and N e ila n d s,  
1984). However, the y e l lo w  su p ern ata n t f l u i d  o f  R.meliloti 
220-5 turned orange on a d d i t io n  o f  the  ir o n  compound. This 
s u g g e s ts  th a t  r h i z o b a c t i n  220-5 i s  d i f f e r e n t  to  r h i z o b a c t i n  
from R.meliloti DM4. That t h i s  i s  the  case  was confirm ed by
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i r o n  n u t r i t i o n  b io a s s a y s ,  the r e s u l t s  o f  which are  p re se n te d  in  
T able  3 .9 .  I t  was shown th a t  R.meliloti DM4 co u ld  n o t  u t i l i z e  
the  s id e ro p h o re  from R.meliloti 220-5 to  a l l e v i a t e  i r o n  s t r e s s .  
An IR spectrum o f  f e r r a t e d  r h i z o b a c t i n  220-5 p u r i f i e d  by 
p a ssa g e  through DEAE-sephadex and B ioG el P2 confirm ed th a t  
r h i z o b a c t i n  220-5 was n e i t h e r  a c a t e c h o l  nor a hydroxam ate. I t  
was n o t  p o s s i b le  however to  p r e d i c t  th e  s t r u c t u r e  o f  
r h i z o b a c t i n  220-5 from i t s  IR spectrum . A n a ly s in g  a sample o f  
d e f e r r a t e d  r h i z o b a c t i n  220-5 u s in g  t h i n - l a y e r  chromatography 
r e v e a le d  the p resen ce  o f  two bands running c lo s e  t o g e th e r .  In 
th e  p u r i f i c a t i o n  procedure r h i z o b a c t i n  220-5 i s  b re a k in g  down 
in to  a number o f  f r a c t i o n s . I f  some o f  th e se  f r a c t i o n s  
r e p r e s e n t  breakdown products o f  th e  s id ero p h o re  one would 
imagine t h a t  th ey  should lo s e  some, i f  n o t  a l l ,  o f  t h e i r  
b i o a c t i v i t y .  However, b io a s s a y  r e s u l t s  i n d ic a t e  th a t  a l l  
f r a c t i o n s  are  b i o a c t i v e .  Hantke, (1990 ), has shown th a t  when 
e n te r o b a c t in  breaks down in  the c u l t u r e  medium y i e l d i n g  
monomers and dimers o f  2 , 3 -d ih yd ro xyb e n zo yl s e r i n e ,  th ese  
p ro d u cts  a re  s t i l l  capable  o f  t r a n s p o r t in g  i r o n .  I t  i s  p o s s ib leI
th a t  r h i z o b a c t i n  220-5 i s  b re a k in g  down in  the  c u l t u r e  medium 
in to  components s t i l l  cap able  o f  t r a n s p o r t in g  iro n .  This would 
e x p la i n  the d i v i s i o n  in to  f r a c t i o n s  observed  during 
p u r i f i c a t i o n  as w e l l  as the  b i o a c t i v i t y  seen  in  ir o n  n u t r i t i o n  
b i o a s s a y s .
I t  i s  a ls o  p o s s ib le  th a t  two forms o f  th e  s id ero p h o re  e x i s t ,  
one more h i g h ly  charged than the o th e r ,  a t  the p a r t i c u l a r  pH o f  
the  e l u t i o n  b u f f e r  used in  the p u r i f i c a t i o n  p ro cedure. In ion  
exchange chromatography the more h i g h ly  charged  the m olecule  to  
be exchanged, the t i g h t e r  i t  b ind s to  the exchanger and the 
l e s s  r e a d i l y  i t  i s  d is p la c e d  by o th e r  io n s .  In th e  i s o l a t i o n  
procedure  p re se n te d  in  F i g . 3.8 i t  would appear th a t  f r a c t i o n  B 
i s  more h i g h ly  charged than f r a c t i o n  A as i t  was r e t a in e d  on 
the  anion  exchanger and had to  be e lu t e d  w ith  a b u f f e r  o f  
h ig h e r  c o n c e n tra t io n  and lower pH. That a s id e ro p h o re  can e x i s t  
in  two forms i s  not uncommon as has been shown fo r  the 
sid e ro p h o re  o f  Aeromonas hydrophila. P re p a ra t io n s  o f  the 
i s o l a t e d  s id ero p h o re  were shown to  be m ix tu res  o f  two c l o s e l y
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r e l a t e d  forms o f  the s id e ro p h o re  composed o f  
2 ,3 -d ih y d ro x y b e n z o ic  a c id ,  l y s i n e ,  g l y c i n e  and e i t h e r  
p h en yla la n in e  o r  tryp to phan  (B argh outi  e t  al.1989).
Thus a lth o u gh  a p a r t i a l  c h a r a c t e r i z a t i o n  o f  th e  sid ero p h o re  
. from R.meliloti 220-5 was p o s s i b l e ,  com plete  c h a r a c t e r i z a t i o n  
re g a rd in g  i t s  s t r u c t u r e  was n o t ,  due l a r g e l y  to  th e  beh avio u r 
o f  the crude sid ero p h o re  in  the p u r i f i c a t i o n  pro ced u re . The 
p u r i f i c a t i o n  procedure  needs to  be reexam ined and p o s s i b l y  
m o d ifie d .
135
Chapter Four
I d e n t i f i c a t i o n  o f  a gene o r  p a r t  th e r e o f  in v o lv e d  in  theI
b io s y n th e s is  o f  r h i z o b a c t i n  220-5.
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4 . 1 .  I s o l a t i o n  o f  Siderophore n e g a t iv e  mutants o f  
R.melLlotL 220-5 and R.meliloti 2011.
The R P 4 - s p e c i f ic  m o b -site  in s e r t e d  in to  th e  unique Bam HI s i t e  
o f  the 5,400 b a s e - p a ir  long tra n sp oso n  Tn5 was used  to  
c o n s tr u c t  Tn5-mob, a m obile m o b -s ite  l in k e d  to  an e a s i l y  
s e l e c t a b l e  r e s i s t a n c e  marker (Kanamycin/Neomycin) (Simon R.
1984).
M utagenesis o f  R.meliloti 220-5 and 2011 was e f f e c t e d  v i a  
c o n ju g a t io n  ( 2 .1 1 )  between E.coli 1 7 - 1  c a r r y in g  the  Tn5-mob 
c a r r i e r  r e p l ic o n  pSUP 5011 and the  r e c i p i e n t  s t r a i n s .  
R ifa m p ic in  r e s i s t a n t  mutants o f  b o th  s t r a i n s  had been 
p r e v i o u s ly  i s o l a t e d  (2 .10 )  and tra n s c o n ju g a n ts  were s e l e c t e d  on 
TY agar p la t e s  c o n ta in in g  r i fa m p ic in  (100/ig/ml) and neomycin 
(60/ig/ml) .
C o lo n ie s  from s e l e c t i v e  p l a t e s  were t r a n s f e r r e d  onto Chrome 
A zu ro l S agar p la t e s  c o n ta in in g  neomycin (60/ig/ml) . Out o f  a 
sc re e n  o f  approxim ately  5,000 c o lo n ie s  f o r  R.meliloti 220-5 and 
2,500 c o lo n ie s  f o r  R.meliloti 2011, fo u r  s id ero p h o re  d e f e c t i v et
mutants were i s o l a t e d  f o r  each s t r a i n .  Absence o f  an orange 
h a lo  surrounding th ese  c o l o n i e s , c h a r a c t e r i s e d  the mutants as 
b e in g  d e f e c t i v e  in  th e  b i o s y n t h e s i s  o f  the n a t iv e  s id e ro p h o re  
(F ig .  4 . 1 . ) .  R e g u la to ry  and t r a n s p o r t  mutants, c h a r a c t e r i s e d  by 
the  e x is te n c e  o f  la r g e  orange h a lo e s  in  the p resen ce  o f  i r o n  
and la r g e  orange h a lo e s  a b sen t in  the p resen ce  o f  ir o n  
r e s p e c t i v e l y ,  were not d e te c te d .
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Fig 4.1
D e te c t io n  o f  mutants d e fe c t iv e  in  s id e ro p h o re  pro d u ctio n  
usin g  the chrome a z u r o l  S p la te  a ss a y .
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Mutants were f u r t h e r  c h a r a c t e r is e d  as b e in g  d e f e c t i v e  in  
s id erop hore  p ro d u c tio n  by comparing the  c o n c e n tra t io n  o f  
sid erop hore  produced by the  w i ld  typ e  grown i n  low iro n  T r is  
medium compared to  th a t  produced by th e  mutant, u s in g  the 
Chrome A zu ro l S s o lu t io n  a ss a y  ( 2 .6 ) .
One s id e ro p h o re  d e f e c t i v e  mutant o f  R.meliloti 220-5, 
R.melLloti 2 2 0 -5 -1 ,  was an alysed  in  t h i s  manner. R e s u lts  showed 
th a t  over a 24 hour p e r io d  no s id e ro p h o re  was produced by the 
mutant w h ile  s id ero p h o re  was produced b y  the  w i ld  type (F ig .
4 . 2 . ) .
Growth o f  th e  w i ld  typ e  R.meliloti 220-5 and the mutant 220-5-1 
was a ls o  compared on i r o n - r e s t r i c t e d  medium. The i r o n - c h e la t o r  
2 ,2 '  D ip y r id y l  (20mM as an eth an o l s to c k )  was added to ir o n  
d e f i c i e n t  T r is  medium a t  f i v e  d i f f e r e n t  c o n c e n t r a t io n s .  S in g le  
c o lo n ie s  o f  b o th  w i ld  type and mutant were s tr e a k e d  on the ir o n  
r e s t r i c t e d  medium and the growth sco red  (T ab le  4 . 1 . ) .
Table 4 . 1 .
C o n c e n tra t io n  o f  Growth o f  Growth o f
2 , 2 'D ip y r i d y l  (¿tM) R.meliloti 220-5 R.meliloti 220-5-1
0 M i l -H-+4
30 ++++ ++-H-
70 M M ++
100 +++ —
150 + —
+-H-+ indicates strong growth; — indicates no growth.
R e s u lts  show t h a t  under ir o n  l i m i t i n g  c o n d it io n s ,  the growth o f  
the mutant 220 -5-1  i s  s i g n i f i c a n t l y  r e ta r d e d  w ith  r e s p e c t  to  
the w i ld  typ e  220-5 i n d ic a t in g  a d e f e c t  in  the  p ro d u c tio n  o f  
s id ero p h o re  and in  i r o n  a c q u is i t i o n .
F i n a l l y ,  the  mutant 220-5-1 was compared to  the  w i l d  type in  
the i s o l a t i o n  procedure fo r  r h i z o b a c t i n  220-5 o u t l in e d
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p r e v io u s ly  ( 3 .5 ) .  F i g . 4 .3 .  shows the la c k  o f  orange c o lo u r ,  
s i g n i f y i n g  the absence o f  the iro n  bound s id e ro p h o re  in  the 
e x t r a c t  o f  the c o n c e n tra te d  sup ern atan t from 2 20 -5-1  grown in  
low iro n  T r is  medium.
1 4 0
A 
63
0 
nm
Comparison of Siderophore production during growth cycles 
of R.meliloti 2 2 0 -5  and R.meliloti 2 2 0 -5 4 .
Time (hours)
Fig. 4.2
141
F ig  4 .3
A: Presence o f  fe rra te c i  r h i z o b a c t i n  i s o l a t e d  from the
sup ern atant o f  R.meliloti 220-5.
B: Absence o f  the fe r r a t e d  s id e ro p h o re  when the  sup ern atan t 
o f  R.meliloti 220-5-1 i s  c a r r i e d  through the i s o l a t i o n  
p ro c e d u re .
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4.2 Siderophore defective mutants contain one Tn5 insert.
T o ta l  DNA was i s o l a t e d  from each o f  the  fo u r  mutants o f  
R.melilotL 220-5 and 2011 ( 2 . 1 5 ) ,  r e s t r i c t e d  w ith  EcoRl and 
se p a ra te d  on an agarose g e l .  A f t e r  so u th ern  b l o t t i n g  ( 2 .1 8 ) ,
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the n i t r o c e l l u l o s e  f i l t e r  was probed w ith  [a- P] l a b e l l e d  
pSUP5011 which c a r r i e s  Tn5-mob. F ig .  4 .4 .  shows the r e s u l t  o f  
the h y b r i d i s a t i o n .  The fo u r  mutants o f  R.meliloti 220-5 each 
c o n ta in  a s i n g l e  Tn5-mob i n s e r t .  R.meliloti 220 -5-1 and 220-5-4 
c o n ta in  a Tn5-mob i n s e r t  on fragm ents o f  eq u al s i z e  w h ile  
220-5-2 and 220-5-3 a ls o  c o n ta in  an i n s e r t  on fragments o f  
equal s i z e  b u t  la r g e r  than the f i r s t  two m utants. R e s u lts  f o r  
R.meliloti 2011 show th a t  mutants 2 0 1 1 - 1 ,  2 and 3 c o n ta in  a
s i n g l e  Tn5-mob i n s e r t  on fragm ents o f  unequal s i z e .  Mutant 
2011-4 was shown to  have two i n s e r t s .  The two i n s e r t s  co u ld  be 
two Tn5-mo£> i n s e r t s  or i t  i s  a ls o  p o s s i b l e  th a t  one o f  the 
i n s e r t s  i s  IS50, the 1 ,5 34  bp i n s e r t i o n  sequence elem ent th a t  
i s  a component o f  the transposon Tn5. T h is  mutant was n o t used 
in  any f u r t h e r  a n a ly s e s .
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1 . R.meliloti 2 20 -5-1
2. R.meliloti 220-5-2
3. R.meliloci 220-5-3
4. R.meliloti 220-5-4
5. R.meliloti 2 0 11-1
6. R.meliloti 2011-2
7. R.meliloti 2011-3
8. R.meliloti 2 0 11-4
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4 .3 .  Cloning o f  the  Tn3-mob c o n ta in in g  fragm ent from
R.meliloti 220 -5-1.
E stim atin g  from th e  r e s u l t  shown in  f i g . 4 .4 ,  the  s i z e  o f  the
Tn5-mofa c o n ta in in g  fragment o f  R.meliloti 220 -5-1  was known to
be approxim ately  8-9Kb. T o ta l  DNA from t h i s  s t r a i n  was
r e s t r i c t e d  w ith  EcoRl and l i g a t e d  to  EcoRl r e s t r i c t e d  pUCl9 DNA
in  a r a t i o  o f  1 0 :1  f o r  i n s e r t  to  v e c t o r .  E.coli JA221 was
transform ed w ith  recom binant p lasm ids (2 .1 2 )  and tra n sfo rm a n ts
were s e le c t e d  on LB agar  c o n ta in in g  a m p i c i l l i n  (40/ig/ml) to
determine l i g a t i o n  e f f i c i e n c y  and on LB agar  c o n ta in in g
kanamycin (50jug/ml) to  i s o l a t e  c lo n e s  h a rb o u rin g  recom binant
plasm ids c o n ta in in g  the Tn5-mob fragm ent. One such c lo n e  was
i s o l a t e d  and plasm id  DNA from t h i s  c lo n e ,  pGRl, was p re p a re d  by
the c le a r e d  l y s a t e  method (2 .1 4 )  and r e s t r i c t e d  w ith  EcoRl. The
s i z e  o f  the Tn5-mofa c o n ta in in g  fragm ent was e s t im a te d  as 9.2Kb
( F i g . 4 . 5 . ) .  T his fragm ent was i s o l a t e d  from an a g a ro se  g e l
32u sin g  the g e n e -c le a n  procedure ( 2 .1 7 )  l a b e l l e d  w ith  [a- P] and 
used to  probe t o t a l  DNA d i g e s t s  (£coRl) o f  both  R.meliloti 
220-5 and R.meliloti 2 20 -5 -1. F i g . 4 .6  shows t h a t  i n  R.melilotiI
220-5 the mutated gene o r  p a r t  t h e r e o f  i s  c a r r i e d  on a fragm ent 
o f  approxim ately  2Kb, w h ile  in  the mutant t h i s  fragm ent i s  
9.2Kb due to  the  i n s e r t i o n  o f  Tn5-mob.
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2: 1 kb Ladder
pUCl9
12-216 11-198 
10-180 9-162 8-144 7-126 6-108 
5 090 4-072 
3- 054 
2-036 1-636
Lane 1: pGRl r e s t r i c t e d  w ith  EcoRl
F ig . 4 .5  Plasm id pGRl r e s t r i c t e d  w ith  £coRl.
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F ig .  4 .6  H y b r id is a t io n  o f  P - l a b e l l e d  pGRl to  t o t a l  DNA from 
R.meliloti 220-5 and R.meliloti 2 2 0 -5 -1  r e s t r i c t e d  w ith  £ c o R l.
1 .  R.meliloti 220-5
2. R.meliloti 2 2 0 -5 -1
3. 1 kb X la d d e r .
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4.4  Presence o f  the  s id erop hore  b i o s y n t h e s i s  gene o f
R.meliloti 220-5 in  o th e r  Rhizobium s t r a i n s .
T o ta l  DNA from nine  Rhizobium s t r a i n s  was i s o l a t e d ,  r e s t r i c t e d  
w ith  ECoRl, se p a ra te d  on an agarose g e l  and so u th ern  b l o t t e d .  
The 9.2Kb fragm ent from R.meliloti 2 20 -5-1  was l a b e l l e d  and 
used in  a h y b r i d i s a t i o n  r e a c t i o n  to  the r e s t r i c t e d  DNA from the 
nine Rhizobium s t r a i n s  F i g . ,  4 .7  and 4 .8 .
I t  was e v id e n t  from the a u to rad io gra p h s t h a t  th e  gene mutated 
in  R.meliloti 220-5 i s  p re s e n t  i n  R.meliloti 220-3 and 
R.meliloti 2011 b u t  absen t in  the o th e r  s t r a i n s  t e s t e d .  The two 
bands in  the  la n e  correspond ing to  R.meliloti 65c a re  due to  
the Tn5 tran sp oso n  and IS element p r e s e n t  i n  t h i s  s t r a i n .  No 
bands were observed  in  the lan e  co rresp o n d in g  to  R.meliloti 65. 
R e su lts  are  summarized in  Table 4 .2 .
Table 4 .2 .
Siderophore P resen ce  o f  th e  220-5
Rhizobium s t r a i n  p ro d u ctio n _______ sid e ro p h o re  gene .
R.meliloti 220-5 + +
65
65c
220-3 + +
DM4 +
102F34
2011 + +
R . leguminosarum 
b io v a r  viviae
J1300 +
3855
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I I
4 5 .7 10 13
LANE 1 . 1  kb X lad d er
4. R.meliloti 220-5-1
5. R.meliloti 65c
6. R.meliloti 65
7. R.meliloti 220-3
8. R.meliloti DM4
9. R.meliloti 102F34
10. R.meliloti 2011
1 1 .  R.leguminosarum J1300
1 3 . 1  kb A lad d er
F ig .  4 .7  T o ta l  DNA from e ig h t  Rhizobium s t r a i n s  probed w ith
P - la b e l le d  pGRl
32
149
1F ig .
220-5-
%
Lane 1:  R.meliloti 2011
2: R.leguminosarum 3855 
3: R.meliloti 220-5-1
4.8 T o ta l  DNA from R.meliloti 2011, R.meliloti 
1 and R. leguminosarum 3855 probed w ith  32P - l a b e l l e d  pGRl
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4 .5  Complementation o f  the  m u tation  in  R.meliloti 220 -5-1. 
Based on the above r e s u l t s ,  a gene bank o f  R.meliloti 2011 made 
in  the  cosmid v e c t o r  pSUP205 k i n d ly  donated  b y  Dr. A. Piih ler, 
B i e l e f e l d ,  was used to complement th e  m u tation  in  R.meliloti 
2 2 0 -5 -1 .  The method o f  in  situ h y b r i d i s a t i o n  o f  b a c t e r i a l  
c o lo n ie s  was used (2 .2 2 ) .  A t o t a l  o f  300 i n d iv id u a l  c o lo n ie s  o f  
the  gene bank were d o tted  onto n i t r o c e l l u o s e  f i l t e r s  on agar 
p l a t e s  c o n ta in in g  t e t r a c y c l i n e  (20/ig/ml) and a llo w ed  to  grow 
o v e r n ig h t  a t  37°C. In each c a se  a m aster  p l a t e  was p repared. 
The h o s t  c a r r i e r  o f  the pSUP205 b ased  gene bank i s  E.coli CSH56 
which a ls o  harbours the m o b i l is in g  p la sm id  RP4. In  ord er  to  
p re p a re  a probe f o r  the co lo n y  h y b r i d i s a t i o n ,  the  m o b -site  in  
the 9.2Kb o f  the  recombinant p lasm id  pGRl had to  be removed to  
a v o id  h y b r id i s a t i o n  w ith  mob s i t e s  on pSUP205 and RP4. Plasmid 
pGRl was r e s t r i c t e d  w ith  EcoRl ( to  c u t  the  fragm ent out o f  the 
pUC19 v e c t o r )  and w ith  BamRl to  c u t  o u t th e  m o b -site  which was 
o r i g i n a l l y  c lo n ed  in to  the unique BamRl s i t e  o f  the  transposon 
Tn5 to  c o n s tr u c t  Tn5-mob (Simon 198 4). Thus two fragments 
between 3 -4Kb o f  the o r i g i n a l  9.2Kb fragm ent were i s o l a t e d  fromI
a g e l  (2 .1 7 )  (F ig  4 .9 ) ,  l a b e l l e d  and h y b r id i s e d  to  the co lo n y  
b l o t s ,  F ig .  4 .1 0 .  The h y b r i d i s a t i o n  i d e n t i f i e d  two cosmids 
b in d in g  to  the  l a b e l l e d  probe. The i n t e n s i t y  o f  h y b r id i s a t i o n  
was s tr o n g e r  f o r  cosmid 3 than f o r  cosmid 7.
Cosmids 3 and 7 a long w ith  a n o n - h y b r id is in g  cosmid, cosmid 2, 
were mated v i a  c o n ju g a t io n  in to  mutant 2 20 -5 -1. I n i t i a l l y  
tra n sc o n ju g a n ts  were s e l e c t e d  on TY a g ar  c o n ta in in g  r i fa m p ic in  
(100/ig/ml) and t e t r a c y l i n e  (20/xg/ml) . A s i n g l e  tra n sc o n ju g a n t  
from each mating was s e l e c t e d  and s t r e a k e d  on CAS agar p la t e s  
c o n ta in in g  neomycin (60jig/ml) and t e t r a c y c l i n e  (20/ig/ml) . 
R e s u l ts  (F ig .  4 . 1 1 )  show t h a t  cosmid 3 complements the  m utation 
in  R.meliloti 220-5-1 but no com pletm entation  was observed  w ith  
cosmids 2 and 7.
Cosmids 2, 3, 7 and seven o th e r  n o n - h y b r id is in g  cosmids were
r e s t r i c t e d  w ith  £coRl, se p a ra te d  on an a g aro se  g e l ,  southern 
b l o t t e d  and probed w ith  the l a b e l l e d  fragm ents d e s c r ib e d  above 
(F ig .  4 . 1 2 ) .
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PUC19^
mob fr­
agm en t
1 2
Lane 1:  pGRl r e s t r i c t e d  w ith  BamHl and EcoRl. 
Lane 2: 1 kb A la d d e r .
F ig .  4 .9  Fragments o f  pGRl l a b e l l e d  f o r  c o lo n y  h y b r id i s a t i o n s .
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radioactive ink
t
JA.221 containing pGRl cosmid 3
F ig .  4.10 H y b r id is a t io n  o f  32P - la b e l le d  pGRl to  c o lo n y  b lo t s  
o f  E.coli CSH56 h a rb o u rin g  cosmids o f  the R.meliloti 2011 gene 
bank.
cosmid 7
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R.meliloti 220-5-1 
b e fo r e  complementation 
w ith  cosmid 3.
R.meliloti 220-5-1 
a f t e r  complementation 
w ith  cosmid 3.
4 . 1 1  Complementation o f  the  m utation in  R.meliloti 
220-5-1 w ith  cosmid 3
iR.melilotL 220 -5-1  
a f t e r  complementation 
w ith  cosmid 7.
F ig .  4 . 1 1  (c o n td .)
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Lane 1 :  Ikb X la d d er  
2: cosmid 1
3: cosmid 2
4: cosmid 3
5: cosmid 4
6: cosmid 5
7: cosmid 6 
8: cosmid 7 
9: cosmid 8 
10: cosmid 9 
1 1 :  cosmid 10 
13: 1  kb X la d d er
32 «
F ig .  4 .1 2  H y b r id is a t io n  o f  P - l a b e l l e d  pGRl to  10 cosmrds 
(one complementing the m utation in  R.mellloti 2 20 -5-1) from the
R.meliloti 2011 gene bank
The h y b r id i s a t i o n  i d e n t i f i e d  a 2Kb fragm ent in  cosmid 3 
h y b r id is in g  v e r y  s t r o n g ly  to  the l a b e l l e d  fragm ents o f  pGRl. A 
3kb band h y b r i d i s i n g  to  the  c lo n ed  fragmnt c o u ld  p o s s i b l y  be 
e x p la in e d  by r e i t e r a t i o n  o f  the sequence on another 
fragm en t. Cosmid 7, which does not complement the m utation  in  
R.meliloti 2 2 0 -5 -1 ,  has an i d e n t i c a l  h y b r i d i s a t i o n  p a t t e r n  to 
cosmid 3 a p a rt  from the 2Kb fragm ent. T h is  r e s u l t  a lo n g  w ith  
those p re se n te d  in  f i g s .  4 .6 ,  4 .7  and 4 .8  s u g g e s t  t h a t  i t  i s  
the 2Kb fragm ent which c a r r i e s  the  genomic sequence 
complementing the m utation . The band a p p earin g  between 8-9Kb in  
a l l  o f  the cosmids e x ce p t  cosmid 6 i s  due to  h y b r i d i s a t i o n
between the cos s i t e  o f  pSUP205 and t h a t  o f  the lambda la d d er
l a b e l l e d  w ith  th e  pGRl fragments in  th e  random prim ing
r e a c t i o n .
Cosmid 3 was mated in to  the  seven o th e r  mutant s t r a i n s  to  check 
fo r  complementation. R e s u lts  o f  t h i s  com plem entation a n a ly s is  
are  shown in  T able  4 .3 .
Table 4 .3 .
I
Complementation S iz e  o f  th e  iicoRl fragm ent
Mu ta n t  s t r a i n _______ by cosmid 3 c o n ta in in g  Tn5-mob.
R.meliloti 220 -5-1  + 9.2Kb
220-5-2 + - 1 0 .6
220-5-3 N.D - 1 0 .6
220-5-4 + 9.2
R.meliloti 2 0 11-1  + -8 .0
2011-2 +  - 10.6
2011-3 N.D N.D
N.D= not determ ined.
The complementation d a ta  in d ic a t e s  t h a t  cosmid 3 c a r r i e s  more 
than one gene co d in g  f o r  s id erop hore  b i o s y n t h e s i s .
Rhizobium meliloti 102F34 does not produce a s id e ro p h o re .  When 
cosmid 3 was mated in to  t h i s  s t r a i n  and the  r e s u l t i n g  
tra n sc o n ju g a n ts  s tr e a k e d  on CAS agar i t  was o b served  th a t  
102F34 co u ld  now produce a s id e ro p h o re , ( F i g . 4 . 1 3 ) .  I t  i s  not
1 5 7
known whether cosmid 3 co n ta in s  a genomic sequence co d in g  f o r  a 
s i g n a l  th a t  sw itch e s  on l a t e n t  s id e ro p h o re  genes in  102F34 or 
whether cosmid 3 p o s s e s s e s  the e n t i r e  complement o f  genes 
n e c e s s a ry  f o r  the s y n th e s is  o f  the  R.meliloti 220-5 
s id e ro p h o re .
4 .6  A p o s s ib le  s t r a t e g y  f o r  th e  i s o l a t i o n  o f  the  gene coding 
f o r  th e  o u te r  membrane r e c e p to r  f o r  the  iro n -s id e ro p h o re co m p le x
o f  R.meliloti 220-5.
In t h i s  study i t  was not p o s s i b le  to  i s o l a t e  t r a n s p o r t  mutants 
o f  e i t h e r  o f  the  two R.meliloti s t r a i n s  by  random Tn5 
m utagenesis . Having observed  i n  b io a s s a y s  th a t  R.meliloti 
102F34 cannot u t i l i z e  r h i z o b a c t i n  220-5 to  r e v e r s e  ir o n  
s t a r v a t i o n ,  i t  was d e cid ed  to  e x p l o i t  t h i s  f a c t  and th e  f a c t  
th a t  102F34 does not produce i t s  own s id ero p h o re  to  attem pt to 
i s o l a t e  the gene coding f o r  the  o u te r  membrane r e c e p t o r  o f  
R.meliloti 220-5.
The R.meliloti 2011 gene bank was mated en masse in to  
R.meliloti 102F34. T ran sco n jugan ts  were s e l e c t e d  on TY agar
I
c o n ta in in g  r i fa m p ic in  (50/ig/ml) and t e t r a c y c l i n e  (20/ig/ml) , 
washed o f f  in to  5ml o f  s t e r i l e  w a te r  and a 10 d i l u t i o n  p la t e d  
onto T r is  medium c o n ta in in g  t e t r a c y c l i n e  (20/ig/ml), EDDA 
(100/xg/ml) and 50ml/L o f  the s id e ro p h o r e - c o n ta in in g  c u l t u r e  
supern atant o f  R.meliloti 220-5 which had been f i l t e r e d  
s t e r i l i s e d .  A 10 4 d i l u t i o n  o f  a c u l t u r e  o f  R.meliloti 102F34 
p la t e d  onto the same medium was used as a c o n t r o l .  A f t e r  fo u r  
days some background growth had appeared on both the c o n tr o l  
and t e s t  p la t e s  b u t a p p ro x im a tely  f i f t y  la r g e  c o lo n ie s  had 
grown on the t e s t  p l a t e s .
T h e o r e t i c a l l y ,  because R.meliloti 102F34 cannot use r h i z o b a c t i n  
220-5, the tra n sc o n ju g a n ts  growing on the medium c o n ta in in g  
s id erop hore  should  harbour a cosmid c a r r y in g  the gene f o r  the 
o u te r  membrane r e c e p to r  e n a b lin g  uptake o f  the i r o n -s id e r o p h o r e  
complex. However, in  re p e a te d  b io a s s a y s  i t  c o u ld  n o t be 
demonstrated th a t  r h i z o b a c t i n  220-5 r e v e r s e d  ir o n  s t a r v a t i o n  o f  
R.meliloti 102F34 in  i r o n - l i m i t i n g  medium. I t  was concluded 
t h a t  the gene f o r  the o u te r  membrane r e c e p to r  was n o t  c a r r i e d
158
o n  a n y  o f  t h e  c o s m id s  h a r b o u r e d  b y  t h e  t r a n s c o n j u g a n t s .
When R.meliloti 1 0 2 F 3 4 : : c o s  3 w a s  t e s t e d  i n  b i o a s s a y s  t o  c h e c k  
i f  c o s m id  3 c a r r i e d  t h e  g e n e  f o r  t h e  o u t e r  m em brane r e c e p t o r  n o  
r e v e r s a l  o f  i r o n  s t a r v a t i o n  b y  r h i z o b a c t i n  2 2 0 - 5  w a s o b s e r v e d .  
I t  r e m a in s  t o  b e  d e te r m in e d  w h e t h e r  t h e  c o s m id s  i s o l a t e d  a s  
d e s c r i b e d  a b o v e  a r e  i d e n t i c a l  t o  c o s m id  3 a n d  a l s o  w h e th e r  t h e  
s id e r o p h o r e  p r o d u c e d  b y  R.meliloti 1 0 2 F 3 4 : : c o s  3 a n d  t h e  
t r a n s c o n j u g a n t s  a b o v e  i s  r h i z o b a c t i n  2 2 0 - 5 .
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F ig . 4 .1 3  
R.meliloti 102F34
harbouring  cosmid 3.
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4.7  P la n t  t e s t s .
P la n t  t e s t s  were c a r r i e d  o u t on b o th  th e  w i l d  typ e  and mutants 
o f  R.meliloti 220-5 and 2011 to  determ ine what e f f e c t ,  i f  any, 
the m utation  i n  s id ero p h o re  p ro d u c tio n  had on sy m b io s is .  Two 
v a r i e t i e s  o f  Medicago sativa, du P o i t s  and Gemini, were used. 
The p la n t  t e s t  medium was prepared  as d e s c r ib e d  ( 2 .3 )  e x ce p t  
t h a t  f o r  some t e s t s  i r o n  was exclu d ed  from s o l u t i o n  1 .  Seeds 
were germ inated a t  room tem perature i n  the  d a rk  f o r  2-3 days, 
in o c u la te d  w ith  th e  a p p ro p r ia te  c u l t u r e  and a l lo w e d  to  grow fo r  
fo u r  weeks a t  20°C. The r e s u l t s  o f  th e  p l a n t  t e s t s  are  
p re se n te d  i n  T able  4 .4  and F ig .  4 . 1 4 . and 4 . 1 5 .
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Table 4.4
Rhizobium
s t r a i n
No. o f  
nodules
Nodule
type
P la n t
co lo u r
Iron 
+ -
Plai
typ'
R.m 2011 2 pink green + Gem.
2 0 11-1 2 pink green + Gem.
2011-2 2 pin k green + Gem.
2011 3 pink green - duP.
2 0 11-1 2 pin k green - duP.
2011-2 1 p in k is h g ree n ish - duP.
R.m 220-5 2 s m a l l ,w h ite g ree n ish Gem.
220-5-1 5 w hite g re e n ish + Gem.
220-5-2 5 w hite g re e n ish + Gem.
220-5-4 4 p in k is h gree n ish + Gem.
220-5 2 s m a l l .w h ite c h l o r o t i c - Gern
220-5-1 1 p in k is h c h l o r o t i c - Gern
220-5-2 - -
f
c h l o r o t i c - Gem.
220-5-4 4 w h ite c h l o r o t i c - Gem.
220-5 5 w h ite green + duP.
220-5-1 2 pink green +■ duP.
220-5-2 10 s m a l l ,w h ite c h lo r o t i c 4- duP.
220-5-4 1 pink green + duP
220-5 - - c h l o r o t i c - duP.
220-5-1 - - c h l o r o t i c - duP.
220-5-2 - - c h l o r o t i c - duP.
220-5-4 - - c h lo r o t i c - duP.
U ninoculated
c o n tr o l - - green + Gem.
U ninoculated
c o n tr o l - c h l o r o t i c - Gem.
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r p'
R.meliloti 2011 R.meliloCi 2011
Gemini +Fe Du P u its  - Fe
Fig. 4.14
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R.meliloti 2011-2 
Gemini +Fe
R.meliloti 2011-2 
Du P u i t s  -Fe
Fig . 4 .1 4  (c o n td .)
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R.melLloti 220-5 R.meliloti 220-5.-2 R.melLloti 220-5 R.meliloti 220-5-2 
Gemini +Fe Gemini +Fe Gemini -Fe Gemini -Fe
F ig . 4 .1 5  
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R.melilati 220-5-4 R.melilotí 220-5-1 
Gemini +Fe Gemini +Fe
J
Æ
)
F-
R.meliloti 220-5-4 R.melilotí 220-5-1 
Gemini -Fe Gemini -Fe
F i g .  4 .1 5  (c o n td .)
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R.meliloti 220-5 R.meliloti 220-5-2 R.meliloti 220-5 R.meliloti 220-5-2 
Du P u its  +Fe Du P u its  +Fe Du P u its  -Fe. Du P u i t s  -Fe
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Regarding R.meliloti 2011, r e s u l t s  o f  the p la n t  t e s t s  in d ic a t e  
t h a t  th e r e  i s  no a p p re c ia b le  d i f f e r e n c e  between the w i ld  type 
s t r a i n  and th e  mutants co n cern in g  th e  fo rm a tio n  o f  n o d u le s . 
Both w i ld  typ e  and mutants, used to  i n o c u l a t e  p la n ts  grown on 
h ig h  and low iro n  medium, e l i c i t  nodule fo rm atio n . P la n ts  
i n o c u la te d  w ith  R.meliloti 2 0 11-1  and 2011-2  do e x h i b i t  some 
c h l o r o s i s ,  however, compared to th e  w i l d  ty p e ,  R.meliloti 2011, 
and nodules are  s l i g h t l y  sm a lle r  and l e s s  p in k .
Lack o f  i r o n  in  the p la n t  medium r e s u l t s  in  c h l o r o t i c  p la n ts  
f o r  bo th  the w i ld  type and mutant s t r a i n s  o f  R.meliloti 220-5 
as w e l l  as th e  development o f  sm a ll  w h ite  n o d u le s . When ir o n  i s  
added to  th e  p la n t  medium the p la n t s  are  h e a l t h y  and nodules 
formed improve somewhat w ith  re g a rd  to  p in k  c o lo u r a t io n  and 
t h e r e f o r e  leghaem oglobin c o n te n t .  However th e  nodules formed by 
R.meliloti 220-5 are  sm a lle r  and much l e s s  p in k  compared to 
those  formed by R.meliloti 2011 and some i n c o m p a t ib i l i t y  w ith  
the h o s t  p la n t  may be the reaso n . I t  was a ls o  observed  th a t  
R.meliloti 220-5 w i ld  type and mutant s t r a i n s  f a i l e d  to 
n o d u la te  the Du P u its  v a r i e t y  o f  Medicago sativa in  the absence
I
o f  i r o n .  For the Gemini v a r i e t y  t h i s  f a i l u r e  to  n o d u la te  in  the 
absence o f  ir o n  was e x h ib i t e d  b y  R.meliloti 220-5-2. In the 
p re se n ce  o f  ir o n  t h i s  mutant e l i c i t e d  the  fo rm atio n  o f  a la r g e  
number (10) o f  sm all,  w h ite  nodules on th e  Du P u its  p la n t s .
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Discussion 4
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The CAS a ss a y  was used as a prim ary s c r e e n  to  f a c i l a t e  
i s o l a t i o n  o f  mutants o f  R.meliloti 220-5 and 2011 d e f e c t i v e  in  
some a sp e c t  o f  t h e i r  i r o n  a s s i m i la t i o n  sy ste m s. I t  proved 
r e l a t i v e l y  e a sy  to  i s o l a t e  mutants d e f e c t i v e  in  the 
b io s y n th e s is  o f  th e  n a t i v e  s id ero p h o res  b u t i t  was n o t  p o s s i b le  
to i s o l a t e  e i t h e r  r e g u la t o r y  or t r a n s p o r t  mutants d e s p ite  
sc re e n in g  over 5,000 T n 5 -co n ta in in g  s t r a i n s  f o r  R.meliloti 
220-5 and a p p ro x im a te ly  2,500 f o r  R.meliloti 2011. This 
d i f f i c u l t y  in  i s o l a t i n g  t r a n s p o r t  mutants was a ls o  observed  by 
G i l l  and N e i la n d s ,(1989) . Having scre e n ed  a l a r g e  number 
(16,000) o f  T n 5 -c o n ta in in g  s t r a i n s  to in c r e a s e  the p r o b a b i l i t y  
o f  o b ta in in g  a com plete c o l l e c t i o n  o f  ir o n  a s s i m i l a t i o n  mutants 
they i d e n t i f i e d  a c l a s s  o f  mutants h av in g  a phenotype t y p i c a l  
o f  tr a n s p o r t  m utants. When t h i s  c l a s s  o f  mutants was fu r th e r  
an alysed  i t  was found t h a t  the mutants la c k e d  none o f  the 
lo w -iro n -in d u ce d  o u te r  membrane p r o te in s  produced by the w ild  
type s t r a i n  and were n o t a n a lysed  f u r t h e r .
Apart from t h e i r  phenotype on CAS b lu e  agar  p l a t e s , mutants in  
t h i s  study were c h a r a c t e r i s e d  as b e in g  d e f e c t i v e  in  s id ero p h o reI
pro d u ctio n  u s in g  the  CAS s o lu t io n  a ssa y .  One mutant a n a lysed , 
R.meliloti 2 2 0 -5 -1 ,  showed no p ro d u c tio n  o f  i t s  sid ero p h o re  
over a 24 hour p e r io d  growing in  i r o n - l i m i t e d  medium. This 
mutant a ls o  showed s i g n i f i c a n t l y  r e s t r i c t e d  growth on iro n  
c h e la to r  medium b u t  growth was not t o t a l l y  r e s t r i c t e d .  This 
could  be a consequence o f  a low a f f i n i t y  iro n -u p ta k e  system 
o p e ra t in g  in  R.meliloti 220-5. Such a l o w - a f f i n i t y  system must 
e x i s t  in  R.meliloti 102F34 s in c e  i t  was observed  t h a t ,  d e s p ite  
not producing i t s  own s id e ro p h o re ,  t h i s  s t r a i n  grew alm ost as 
w e l l  as R.meliloti 220-5 in  low iro n  T r is  medium (d a ta  not 
g i v e n ) . Thus i t  can be en visa g ed  th a t  the  l o w - a f f i n i t y  pathway 
o f  iro n  uptake fu n c t io n s  u n t i l  i t  becomes im p o ss ib le  to 
se q u e ste r  a d d i t i o n a l  i r o n ,  a t  which p o in t  the  h ig h  a f f i n i t y  
mechanism i s  sw itch e d  on. In R.meliloti 220 -5-1 t h i s  h igh  
a f f i n i t y  system i s  mutated and th e r e fo r e  growth o f  the 
bacterium  i s  r e ta r d e d  under c o n d it io n s  o f  i r o n  s t r e s s .  Another 
e x p la n a tio n  c o u ld  be t h a t  R.meliloti 220 -5-1 i s  producing a 
fu n c t io n a l  amount o f  s id e ro p h o re ,  but in  amounts too low to be
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d e te c te d  in  the CAS s o lu t io n  a ss a y  or to  produce h a lo e s  on CAS 
b lu e  agar p l a t e s .
The EcoRl fragment c o n ta in in g  the Tn5 -mob m utation  in  
R.meliloti 220-5-1 was subcloned in to  pUC19 and p u r i f i e d  a f t e r  
d ig e s t i o n  u s in g  the gene c le a n  p ro ced u re . This fragm ent was 
then used as a probe to  d e t e c t  the p resen ce  o f  the  mutated 
sid erop hore  b i o s y n t h e s is  gene in  o th e r  Rhizobium s t r a i n s .  The 
p resen ce  o f  the gene in  R.meliloti 2011 and i t s  absence in  
R.meliloti DM4 i s  not unexpected s in c e  i t  was observed  in  
b io a s s a y s  t h a t  R.meliloti DM4 co u ld  not u t i l i z e  r h i z o b a c t i n  
220-5 under c o n d it io n s  o f  ir o n  s t r e s s  and must t h e r e fo r e  
p o sse ss  a d i f f e r e n t  s id ero p h o re  to  R.meliloti 220-5. R.meliloti 
2011 was found to  be c a p a b le  o f  u t i l i z i n g  the sid e ro p h o re  o f  
R.meliloti 220-5 s u g g e s t in g  th a t  th ese  s t r a i n s  p o ss e ss  v e r y  
s i m i la r ,  i f  not i d e n t i c a l ,  s id e r o p h o r e s . The absence o f  the 
gene in  R.meliloti 65 and 102F34 i s  not s u r p r is in g  c o n s id e r in g  
th a t  n e ith e r  o f  th ese  s t r a i n s  appear to  produce a s id e ro p h o re .  
That some R.meliloti s t r a i n s  c a r r y  the gene w h ile  o th e rs  do not 
p r e s e n ts  fu r t h e r  ev id e n ce  f o r  the s t r a i n  s p e c i f i c i t y  o fI
sid erop hore  p ro d u ctio n  in  Rhizobium.
The presence o f  the R.meliloti 220-5 s id erop hore  b i o s y n t h e s i s  
gene in  R.meliloti 2011 p e rm itte d  the  use o f  a gene bank o f  
R.meliloti 2011 to complement the m utation in  R.meliloti 
2 20 -5 -1. A s i n g le  cosmid complementing the m utation  was 
i s o l a t e d  from the gene bank and when a n a lysed  f o r  i t s  a b i l i t y  
to  complement the o th e r  R.meliloti 220-5 and 2011 mutant 
s t r a i n s ,  complementation d ata  i n d ic a te d  th a t  cosmid 3 c a r r i e d  
more than one sid ero p h o re  b i o s y n t h e s i s  gene. I t  i s  l i k e l y  th a t  
the genes re q u ire d  f o r  s id ero p h o re  b io s y n t h e s is  a re  c lu s t e r e d  
i n  the genome o f  R.meliloti 220-5 as has been observed  f o r  the 
e n t e r i c  b a c t e r i a ,  pseudomonads and more r e l e v a n t l y  f o r  
R.meliloti 1021 ( G i l l  and N eilan d , 1989). That cosmid 3 c o n fe rs  
on R.meliloti 102F34 the a b i l i t y  to  produce a s id e ro p h o re  may 
be an in d ic a t io n  t h a t  cosmid 3 c a r r i e s  a l l  the genes n e c e s s a r y  
to  s y n th e s iz e  r h i z o b a c t i n  220-5. To check whether or n o t  t h i s  
i s  the case  i t  w i l l  be n e c e s s a r y  to  i s o l a t e  the sid ero p h o re  
produced by R.meliloti 10 2F 3 4::cos 3 in  ord er to  determ ine i f
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i t  i s  r h iz o b a c t in  220-5. S i t e - d i r e c t e d  m utagenesis  o f  cosmid 3, 
to  be undertaken in  the f u t u r e , w i l l  i n d i c a t e  the e x a c t  number 
o f  genes c a r r i e d  on t h i s  cosmid.
The s t r a t e g y  o u t l in e d  f o r  c lo n in g  the o u te r  membrane p r o t e in  
in v o lv e d  in  uptake o f  the s id e r o p h o r e - ir o n  complex was in s p ir e d  
by a s i m i la r  s t r a t e g y  d e sc r ib e d  by Magazin et al. , 1986. I t
cannot be e x p la in e d  why cosmids o f  the  R.meliloti 2011 gene 
bank, harboured by R.meliloti 102F34 tra n s c o n ju g a n ts  growing on 
r h i z o b a c t i n  220-5 appear not to  c a r r y  the  gene f o r  the o u te r  
membrane r e c e p to r .  I t  i s  i n t e r e s t i n g  to  note  however th a t  th ese  
cosmids c a r r y  genes f o r  s id e ro p h o re  b i o s y n t h e s i s  s in c e  a l l  
tra n sc o n ju g a n ts  t e s t e d  on CAS p l a t e s  were p o s i t i v e  f o r  
sid ero p h o re  p ro d u ctio n . C o n s id e rin g  the s e l e c t i v e  p re ssu re  
p la c e d  on tra n sco n ju g a n ts  to  i s o l a t e  cosmids c a r r y in g  the o u ter  
membrane re c e p to r  gene, t h i s  r e s u l t  i s  e x tre m e ly  p u z z l in g .  Were 
i t  not f o r  the r e s u l t s  o f  the b io a s s a y ,  i t  would be tempting to 
su g g e st  th a t  the gene f o r  the  o u te r  membrane re c e p to r  i s
c lu s t e r e d  w ith  the genes f o r  s id e ro p h o re  b i o s y n t h e s i s .  I t  w i l l
be n e c e s s a ry  to  c a r r y  out f u r t h e r  a n a l y s i s  o f  these  cosmids.I
N odulation  t e s t s  were performed on the  sid ero p h o re  mutants o f  
R.meliloti 220-5 and 2011 to determ ine a p o s s i b le  r o le  f o r  the 
i r o n - a s s i m i l a t i o n  system in  sy m b io s is .  R e s u l ts  from the p la n t  
t e s t s  in d ic a t e  th a t  f o r  R.meliloti 2011 the a b i l i t y  to  produce 
a s id ero p h o re  c o n fe rs  no obvious advantage w ith  re g a rd  to 
sym biosis  because a p a rt  from the s l i g h t  c h lo r o s i s  e x h ib i t e d  by 
p la n ts  in o c u la te d  w ith  w i ld  typ e  and mutants on low iro n
medium, mutants s t i l l  e l i c i t e d  fo rm a tio n  o f  nodules th a t
appeared normal and h e a lth y .
At low iro n  l e v e l s ,  nodules formed by R.meliloti 220-5 s t r a i n s  
on Medicago sativa p la n ts  o f  the  Gemini v a r i e t y  were sm a lle r  
and l e s s  c o lo u re d  than those formed by R.meliloti 2011 s t r a i n s  
b u t the  e f f e c t  was observed w ith  w i ld  typ e  and mutants a l i k e  
i n d ic a t in g  perhaps some in c o m p a ta b i l i ty  w ith  the h o s t  p la n t .
I t  was observed  th a t  R.meliloti 220-5 s t r a i n s ,  mutant and w i ld  
ty p e ,  f a i l e d  to  nod ulate  Medicago sativa p la n t s  o f  the Du P u its  
v a r i e t y  in  the absence o f  ir o n .  O'Hara, et al. (1988), found 
th a t  i r o n - d e f i c i e n c y  s p e c i f i c a l l y  l i m i t s  nodule development in
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peanut in o c u la te d  w ith  Bradyrhizobium s p e c i e s .  However, nodule 
i n i t i a t i o n  was not a f f e c t e d  as s i m i l a r  numbers o f  nodule 
i n i t i a l s  formed in  the ro o ts  o f  c o n t r o l  and ir o n  sprayed 
p l a n t s . That ir o n  d e f ic i e n c y  can t o t a l l y  i n h i b i t  nodule 
form ation i s  n o t  uncommon as i t  has been observed  t h a t  t o t a l  
n o d u la t io n  f a i l u r e  i s  o fte n re c o rd e d  on c e r t a i n  peanut c u l t i v a r s  
growing in  th e  i r o n  d e f i c i e n t  c a lc a r e o u s  s o i l s  o f  T h a ila n d . The 
r e p o rt  by O'Hara et al. a ls o  h i g h l i g h t e d  the  f a c t  t h a t  some 
c u l t i v a r s  can be more s u s c e p t ib le  to  i r o n  d e f i c i e n c y  than 
o th e r s .  S in ce  any s t r a i n  n o d u la t in g  a p la n t  becomes s u b j e c t  to  
the i r o n  s t a t u s  o f  t h a t  p la n t ,  i t  can be e x p e cte d  t h a t  nodule 
i n i t i a t i o n  and/or development w i l l  be i n h i b i t e d  to  a g r e a te r  
e x te n t  in  p la n t s  w ith  a g r e a t e r  s u s c e p t i b i l i t y  to  iro n  
d e f ic i e n c y .  Regarding the o b s e rv a t io n  made in  t h i s  s tu d y , i t  
could  be argued t h a t  the Du P u its  v a r i e t y  o f  Medicago sativa i s  
d is p la y in g  a g r e a t e r  s u s c e p t i b i l i t y  to  i r o n  d e f i c i e n c y  than the 
Gemini v a r i e t y  thus i n h i b i t i n g  nodule fo rm a tio n  by d e p r iv in g  
the n o d u la t in g  s t r a i n  o f  s u f f i c i e n t  i r o n .  However, r e s u l t s  from 
p la n t  t e s t s  w ith  R.meliloti 2011 would appear to  d is c o u n t  t h i sI
argument s in c e  both  w i ld  type and mutant s t r a i n s  form normal 
nodules on Du P u its  p la n ts  grown on low ir o n  medium. 
N e v e r th e le s s ,  R.meliloti 220-5 i s  d is p la y in g  some 
i n c o m p a t ib i l i t y  w ith  i t s  h o s t  p la n ts  and t h i s ,  a long w ith  the 
low ir o n  s t r e s s  imposed on the p la n t  c o u ld  le a d  to  the 
i n h i b i t i o n  o f  nodule form ation f o r  t h i s  s t r a i n .
The b e h a vio u r  o f  the mutant R.meliloti 220-5-2 in  the p la n t  
t e s t s  i s  i n t e r e s t i n g  to note s in c e  t h i s  mutant c a r r i e s  the 
Tn5-mofa i n s e r t  on a l a r g e r  fragment, ( - 1 0 .6  Kb), than e i t h e r  
mutants 220 -5-1 or 220-5-4, (9 .2  Kb). I t  appears t h a t  the
m utation in  R.meliloti 220-5-2 i s  h a v in g  a more marked e f f e c t  
on n o d u la t io n  than i s  observed f o r  the  o th e r  m u tan ts. Further 
a n a ly s is  o f  t h i s  mutant needs to be undertaken.
I t  can be con clud ed  from the p la n t  t e s t s  w ith  R.meliloti 2011 
th a t  la c k  o f  a s id ero p h o re  does not i n h i b i t  nodule form ation. 
The r e s u l t s  from p la n t  t e s t s  w ith  R.meliloti 220-5 s t r a i n s  are 
harder to  i n t e r p r e t  but appear to  i n d ic a t e  t h a t  the l e v e l  o f  
iro n  a v a i l a b l e  to  the p la n t  i s  c r u c i a l  in  determ ining
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no d u la tio n  e f f i c i e n c y .
The i r o n - t r a n s p o r t  system s tu d ie d  i s  f u n c t i o n a l  i n  the 
f r e e - l i v i n g  b a cter iu m  but i t  i s  n o t  known whether i t  would be 
fu n c t io n a l  in  b a c t e r o i d s .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  to 
d ate,  p la n t  t e s t s  c a r r i e d  out to  determ ine a p o s s i b l e  r o l e  fo r  
the iro n  a s s i m i l a t i o n  system o f  R.meliloti in  sy m b io s is  have 
looked a t  mutants d e f i c i e n t  in  s id e ro p h o re  p ro d u c t io n  o n ly .  In 
order to d is c o u n t  a r o l e  f o r  ir o n  a s s i m i l a t i o n  in  sy m b io s is ,  
p la n t  t e s t s  must be c a r r i e d  out on mutants d e f e c t i v e  in  
tra n s p o rt  o f  the  iro n -s id e ro p h o re  complex. R e c e n t ly ,  N ad ler et 
al. (1990), d e s c r ib e d  a Rhizobium leguminosarum mutant 
d e f e c t i v e  in  sy m b io tic  ir o n  a c q u i s i t i o n  t h a t  was a p p a re n t ly  
mutated in  a gene encoding or r e g u l a t i n g  fo rm a tio n  o f  a 
c e ll-b o u n d  elem ent o f  a s p e c i f i c  i r o n  a c q u i s i t i o n  system . The 
authors s u s p e c t  t h a t  the s t r a i n  i s  d e f e c t i v e  in  iro n  
a n th r a n i la te  m etabolism , a n t h r a n i la t e  b e in g  th e  n a t iv e  
siderophore o f  the R.leguminosarum s t r a i n .
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Chapter Five
Outer membrane proteins induced by low iron In R.meliloCi 
220-5
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5 . 1 .  In tro d u c t io n
In  a l l  s id ero p h o re  m ediated h i g h - a f f i n i t y  i r o n  uptake system s 
s tu d ie d  in  b a c t e r i a  i t  has been dem onstrated t h a t  under
c o n d it io n s  o f  ir o n  s t a r v a t i o n ,  o u te r  membrane p r o t e in s  are
induced in  order to  f a c i l i t a t e  u ptake  o f  the  ir o n -s id e r o p h o r e
complex. In  t h i s  ch apter  i t  i s  dem onstrated t h a t  ir o n -in d u c e d  
o u te r  membrane p r o te in s  a re  p r e s e n t  in  R.meliloti 220-5 under 
such c o n d i t i o n s .
5 .2 .  Low -iron-induced o u te r  membrane p r o t e in s  o f
R.meliloti 220-5.
Outer membrane p r o te in s  o f  R.meliloti 220-5 were p re p a re d  
a c co rd in g  to  the method a lr e a d y  d e s c r ib e d  ( 2 .2 3 ) .  In  the 
i n i t i a l  experim ent o uter membranes were p repared  from c u l t u r e s  
o f  R.meliloti 220-5 t h a t  had been a llo w ed  to  grow f o r  
a p p ro x im a tely  55 hours. F ig .  5 . 1 .  shows the o u te r  membrane 
p r o t e in  p r o f i l e  o f  R.meliloti 220-5 grown i n  d i f f e r e n t  i r o n  
c o n c e n t r a t io n s .  Under i r o n - l i m i t i n g  c o n d it io n s  th e re  i s  
in d u c t io n  o f  two o u ter  membrane p r o t e i n s ,  78,000 da. and 72,000I
d a lto n s  in  s i z e .  The s i z e  o f  th e  p r o t e in s  was c a l c u l a t e d  by 
re a d in g  the R f v a lu e s  ( c a l c u l a t e d  as d is ta n c e  t r a v e l l e d /  le n g th  
o f  the  g e l )  o f  the induced p r o t e in s  from a graph o f  th e  Rf 
v a lu e s  o f  the  marker p r o te in s  ( F i g . 5 . 2 ) .  Outer membranes were 
a ls o  p rep ared  from c u l t u r e s  o f  R.meliloti 220-5 t h a t  had been 
growing f o r  24 and 39 hours ( F ig .  5 . 3 ) .  Again, the appearance 
o f  the  lo w -iro n -in d u c e d  o u te r  membrane p r o te in s  i s  seen.
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116  K
84 K 
58 K
48.5 K
36.5 K 
26J5 K
180 K
1 .  Fe 40 ¿tM
2. Fe <1 mM
3. Fe « 1
4. 30¿»g/nil EDDA
5. 30/ig/ml EDDA
F ig . 5 . 1  Outer membrane p r o f i l e  o f  R.meliloti 220-5 grown in  
d i f f e r e n t  i r o n  c o n c e n tra t io n s .
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F ig .  5 .2  Graph o f  Rf v a lu e s  o f  s ta n d a rd  m o le c u la r  w eight 
markers
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F ig .  5 .3  Outer membrane p r o t e in  p r o f i l e s  o f  R.meliloti 220-5 
prepared  a t  24 and 39 hours in to  the  growth c y c l e .
1 .  Fe 1/iM (24 hours)
2. Fe 40/iM (24 hours)
3. Fe <lpM (24 hours)
4. Fe 40/iM (39 hours)
5. Fe <l/iM (39 hours)
6. EDDA 30jig/ml (55 hours)
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5 .3 .  Low -iron-induced o u te r  membrane p r o t e in s  a re  p r e s e n t  in  
th e  mutant R.meliloti 2 2 0 -5 -1 .
The phenotype o f  R.meliloti 2 20 -5-1  on CAS a g a r  p l a t e s  
i n d ic a t e s  th a t  i t  i s  o n ly  d e f e c t i v e  i n  th e  b i o s y n t h e s i s  o f  
r h i z o b a c t i n  220-5. As such i t  i s  e x p e cte d  t h a t  R.meliloti 
220 -5-1  should s t i l l  induce th e  p ro d u c tio n  o f  the  
lo w -iro n -in d u c e d  o u te r  membrane p r o t e in s  under ir o n  r e s t r i c t e d  
c o n d it io n s .  Outer membrane p r o t e in s  were p repared  from 24 hour 
c u l t u r e s  o f  R.meliloti 2 2 0 -5 -1  grown i n  th e  p re se n c e  and 
absence o f  ir o n .  In  F ig .  5 .4 .  th e  o u te r  membrane p r o t e in s  
induced when ir o n  i s  l i m i t i n g  a r e  shown to  be p r e s e n t  i n  the  
m utant.
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F i g .  5 .4  O uter membrane p r o t e in  o f  R.meliloti 220-5 
under i r o n  r e p l e t e  and d e f i c i e n t  c o n d it io n s .
1 .  Fe < IjM (24 h ours)
2. Fe 1  f>H (24 hours)
3. Fe 1  jiM (24 hours)
1 grown
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5 .4 .  P o ly c lo n a l  an tibod y to  th e  lo w -iro n -in d u c e d
outermembrane p r o t e in s  from R.meliloti 220-5.
In t h i s  s tu d y ,  Tn5-mob m utagenesis o f  R.meliloti 220-5 f a i l e d  
to  i d e n t i f y  a mutant la c k in g  any o f  th e  lo w - ir o n - in d u c e d  o u ter  
membrane p r o t e i n s .  The s t r a t e g y  o u t l i n e d  i n  Chapter Four 
(S e c t io n  4. ) a ls o  seems to  have f a i l e d  i n  i d e n t i f y i n g  the gene 
coding f o r  th e  o u te r  membrane r e c e p t o r .  T h e r e fo r e ,  i t  was 
decid ed  to  attem pt to  r a i s e  an a n tib o d y  to  th e  induced p r o te in s  
w ith  a v ie w  to  u s in g  i t  in  th e  f u t u r e  t o  s c re e n  a gene 
e x p re ss io n  l i b r a r y  o f  R.meliloti 220-5 i n  o rd e r  to  i d e n t i f y  
genes coding  f o r  th e s e  p r o t e i n s .
The two lo w -iro n - in d u c e d  o u te r  membrane p r o t e i n s  were c u t  from 
an SD S-polyacrylam ide g e l  and p rep ared  as d e s c r ib e d  (2 .2 5 ) .
P ro te in s  from appro xim ately  ten  la n e s  w ere used  f o r  each 
i n j e c t i o n .  On day one, the g e l  and a d ju v a n t  em ulsion was 
i n j e c t e d  su b cu ta n e o u sly  in to  a r a t .  T h is  was fo l lo w e d  by two 
subsequent i n j e c t i o n s  on day f i f t y  and s i x t y  fo u r .  Seven days 
a f t e r  the f i n a l  i n j e c t i o n  a sm all a l iq u o t(5 0 0 / il)  o f  b lo o d  was
e x t r a c t e d  from th e  t a i l  o f  the r a t ,  a l lo w e d  to  c l o t ,  and the(
serum t e s t e d  f o r  the  p resen ce  o f  the  d e s i r e d  a n tib o d y .  On day 
se ve n ty  two the r a t  was s a c r i f i c e d  and a p p ro x im a te ly  5ml o f  
b lood  c o l l e c t e d .  A f t e r  stan d in g  a t  4°C o v e r n ig h t  to  a l lo w  
c l o t t i n g ,  the  b lo o d  was c e n t r i fu g e d  a t  5,000 rpm f o r  10 minutes 
and the serum c o l l e c t e d .  The serum c o n ta in in g  th e  antibody 
(1:3 3  d i l u t i o n )  was in cu bated  w ith  a W estern b l o t  o f  the g e l  
shown in  F ig .  5 .5 .  a cco rd in g  to the p ro ced u re  o u t l i n e d  (2 .2 7 ) .  
To t e s t  f o r  n o n - s p e c i f i c  b in d in g ,  a d u p l i c a t e  W estern b l o t  was 
incubated  w ith  serum from a r a t  immunized w ith  a d i f f e r e n t  
a n t ig e n  to  th e  one used  in  t h i s  experim ent. F ig .  5 .6 .  shows the 
r e a c t io n  o f  the  c o n t r o l  serum and th e  t e s t  serum w ith  the 
w estern  b l o t s .  While th e re  i s  some g e n e r a l  n o n - s p e c i f i c  b in d in g  
when the c o n t r o l  serum i s  incubated  w ith  the  w e s te rn  b l o t ,  i t  
i s  e v id e n t  t h a t  th e  t e s t  serum c o n ta in s  an a n tib o d y  r e a c t i n g  
a g a in s t  the  two lo w -iro n -in d u c e d  o u te r  membrane p r o t e in s  used 
to  immunize th e  anim al. There i s  some c r o s s - r e a c t i v i t y  w ith  a 
non lo w -iro n - in d u c e d  p r o t e in  t h a t  o c cu rs  j u s t  above the 
twoinduced p r o t e in s  and t h i s  i s  most p ro b a b ly  due to
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contam ination o f  th e  a n t ig e n  p r o t e in s  w ith  t h i s  p r o t e i n  when 
th e y  were b e in g  c u t  o u t  o f  the SD S-polyacry lam ide  g e l .  The 
t i t r e  o f  th e  a n tib o d y  i s  low and t h i s  i s  because  time 
c o n s t r a in t s  p e r m it te d  o n ly  th r e e  immunizations t o  be  c a r r i e d  
. out whereas fo u r  o r  f i v e  would have r e s u l t e d  in  a  much h ig h e r  
t i t r e .
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1 16k
8 4 k
5 8 k
4 8 - 5 k
3 6 - 5  k 
2 6 - 6 k
Lane 1 :  R.meliloti 220-5 + Fe 
2: R.meliloti 220-5 - Fe 
3: R.meliloti 102F34 + Fe 
4: R.meliloti 102F34 - Fe
F ig . 5 .5  Outer membrane p r o t e in  p r o f i l e  o f  R.meliloti 220-5 
and 102F34 used in  Western b l o t  a n a ly s is
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1 2 3 4
Lane 1 :  R.meliloti 220-5 + Fe 
2: R.meliloti 220-5 - Fe 
3: R.meliloti 102F34 + Fe 
4: R.meliloti 102F34 - Fe
F ig .  5 .6  Western b l o t  d e t e c t i o n  o f  p r o te in s  u s in g  a p o ly c lo n a l  
an tib od y to  lo w -iro n -in d u c e d  p r o t e in s
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1 2 
m
I T
v
Lane 1 :  R.meliloti 220-5 + Fe 
2: R.meliloti 220-5 - Fe 
3: R.meliloti 102F34 + Fe 
4: R.meliloti 102F34 - Fe
F ig .  5 .6  (c o n td .)  N o n -s p e c i f ic  b in d in g  o f  c o n tr o l  serum to 
Western B lo t .
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D is c u ss io n  F ive
I s o l a t i n g  the o u te r  membrane p r o t e in s  o f  R.meliloti 220-5 
grown under i r o n  r e p l e t e  and i r o n  d e f i c i e n t  c o n d it io n s  has 
shown the in d u c t io n  o f  two o u te r  membrane p r o t e in s  produced 
when ir o n  in  th e  medium i s  l i m i t i n g .  The m o le c u la r  w e ig h ts  
o f  th ese  p r o t e in s ,  78,000 and 72,000 d a lto n s  r e s p e c t i v e l y ,  
f a l l  w ith in  the range o f  the  m o le cu la r  w e ig h ts  o b se rve d  f o r  
lo w -iro n -in d u c e d  p r o t e in s  in  o th e r  s p e c i e s ,  i . e .  81,000 da. 
fo r  the  o u ter  membrane r e c e p to r  f o r  f e r r i c  e n t e r o b a c t in  and 
74,000 da. f o r  the  r e c e p t o r  f o r  f e r r i c  a e r o b a c t in ,  both  
induced in  E.coli s p e c i e s ;  86,000 da. f o r  the  0M2 r e c e p t o r  
induced in  Vibrio anguillarum s t r a i n s  to  t r a n s p o r t  f e r r i c  
a n g u ib a c tin  and 85,000 da. f o r  the  o u te r  membrane r e c e p t o r  
f o r  f e r r i c  p seu d o b a ctin  induced in  Pseudomonas fluorescens. 
The dem onstration t h a t  i r o n - r e l a t e d  o u te r  membrane p r o t e in s  
e x i s t  in  R.meliloti 220-5 makes i t  d i f f i c u l t  to und erstand  
why i t  was n o t  p o s s i b l e ,  in  a sc re e n  o f  over 5,000 Tn5-mob 
c o n ta in in g  s t r a i n s ,  to  i s o l a t e  a t r a n s p o r t  mutant. Because 
e f f o r t s  to i s o l a t e  a mutant la c k in g  the o u te r  membrane 
r e c e p to r  f o r  the i r o n -s id e r o p h o r e  complex, or to  i s o l a t eI
the gene i t s e l f ,  f a i l e d ,  i t  i s  n o t  p o s s i b le  to  i d e n t i f y  
which o f  the induced p r o t e in s  i s  the r e c e p to r .
When the o u te r  membrane p r o t e in s  from R.meliloti 2 2 0 -5 -1 ,  a 
siderophore d e f i c i e n t  mutant o f  R.meliloti 220-5, were 
i s o l a t e d ,  i t  was shown ( F i g . 5 .4 )  th a t  in d u c t io n  o f  the 
i r o n - r e la t e d  o u te r  membrane p r o te in s  was u n a f f e c t e d .  T his 
was as exp ected  s in c e  the mutant d id  not show a phenotype 
t y p i c a l  o f  a t r a n s p o r t  mutant, a la r g e  orange h a lo  a b sen t 
in  the p resen ce  o f  i r o n ,  on CAS p l a t e s .
A p o ly c lo n a l  a n tib o d y  was r a i s e d  to the two i r o n - r e l a t e d  
p r o te in s  by i n j e c t i n g  a r a t ,  a t  i n t e r v a l s ,  w ith  an em ulsion 
o f  Freund's  a d ju van t and th e  g e l  fragments c o n ta in in g  the  
induced p r o t e i n s . The a n tib o d y  was r a is e d  p r i m a r i ly  w ith  a 
v iew  to u sin g  i t  to  s c r e e n  a gene e x p re ss io n  l i b r a r y  o f  
R.meliloti 220-5 in  o rd er  to  i d e n t i f y  the gene co d in g  f o r  
the o u te r  membrane r e c e p t o r  s in c e  o th er  attem p ts  to  
i d e n t i f y  t h i s  gene were u n s u c c e s s fu l .  I t  i s  a ls o  hoped to  
use the  a n tib o d y  to  t e s t  R.meliloti 220-5 b a c t e r o i d
188
membranes f o r  the p resen ce  o f  the  lo w -iro n - in d u c e d  p r o t e in s  
observed  in  th e  o u ter  membranes o f  the  f r e e - l i v i n g  form. I t  
i s  n o t  known a t  t h i s  time whether th e  s id e ro p h o re  system  o f  
ir o n  uptake i s  fu n c t io n a l  in  b a c t e r o i d s  and dem onstratin g  
the p resen ce  or absence o f  the  R.meliloti 220-5 
i r o n - r e l a t e d  p r o te in s  in  the  b a c t e r o i d  membrane would 
c o n tr ib u te  s i g n i f i c a n t l y  to  answ ering t h i s  q u e s t io n .  The 
a n tib o d y  can a ls o  be used  to  check the  o u te r  membrane 
p r o f i l e s  o f  o th er  Rhizobium s t r a i n s  f o r  i r o n - r e l a t e d  
p r o t e in s  c r o s s - r e a c t i n g  w ith  th e  R.meliloti 220-5 p r o t e i n s .  
One aim was to  use the a n tib o d y  to  probe the  o u te r  membrane 
p r o t e in s  o f  the R.meliloti 102F34 s t r a i n  h a rb o u rin g  cosmid 
3 to  check f o r  the p re se n c e  o f  the R.meliloti 220-5 
i r o n - r e l a t e d  o u ter  membrane p r o t e in s  which should  be 
p r e s e n t  i f  cosmid 3 c a r r i e s  th e  genes f o r  the  r e c e p t o r .  
However, t h i s  s t r a i n  grew v e r y  p o o r ly  in  low ir o n  T r is  
medium and s u f f i c i e n t  q u a n t i t i e s  co u ld  n o t be grown to  
i s o l a t e  the o u te r  membranes. The a n tib o d y  was used however, 
to  probe a w estern  b l o t  o f  the  o u te r  membrane p r o t e in s  o fI
R.meliloti 102F34 grown under i r o n - l i m i t i n g  c o n d it io n s  
( F i g . 5 . 5 ) .  While R.meliloti 102F34 does appear to  induce 
the  p ro d u ctio n  o f  a t  l e a s t  one p r o t e i n  (F ig .  5 .5 ,  la n e  5) 
under ir o n  s t r e s s , t h i s  p r o t e i n  does not r e a c t  w ith  the  
a n tib o d y . The p ro d u ctio n  o f  an i r o n - r e l a t e d  p r o t e in  by 
R.meliloti 102F34 i s  i n t e r e s t i n g ,  c o n s id e r in g  t h a t  t h i s  
s t r a i n  does n o t produce a s id e ro p h o re .
189
R e fe ren ce s
A c t i s ,  L . A . , P o t t e r ,  S .A . ,  Crosa, J .H . ,  (19 8 5 ).
I r o n - r e g u la t e d  o u te r  membrane p r o t e in  0M2 o f  Vibrio anguillarum 
i s  encoded by v i r u le n c e  p lasm id  pJMl.
J .  B a ct .  161: 736-742.
A c t i s ,  L . A . , F is h ,  W ., Crosa, J .H . ,  K ellerm an, K . , E l le n b e r g e r ,  
S .R . ,  Hauser, F .M ., Sanders-Loehr, J .  (19 8 6 ).
C h a r a c t e r iz a t io n  o f  a n g u ib a c t in ,  a n o v e l  s id e ro p h o re  from
Vibrio anguillarum 775(pJM l).
J . B a ct .  167: 57-65.
A lb r i g h t ,  L .M ., Huala, E . ,  Gu, Q . , A usubel, F .M ., (1988). 
R e g u la t io n  o f  R.meliloti N ifA  fu n c t io n .  In: Bothe, H. , B r u ijn ,
F .J .  de, Newton, W .E., ( e d s ) .
N itro g en  f i x a t i o n :  Hundred y e a rs  a f t e r .  F is h e r ,  S t u t t g a r t ,  New 
York. p .p .  345-349.
Andrus, C. and Payne, S.M ., (1982).
The e f f e c t s  o f  i r o n  l i m i t a t i o n  on Vibrio parahaemolyticus andI
Aeromonas hydrophila.
A b s tr .  Annu. Meet. Am. Soc. M ic ro b io l  CC1 1 1 1 1 ,  p89.
Andrus, C. and Payne, S.M ., (1983)
S iderophores and ir o n  r e g u la te d  p r o t e in s  in  Vibrio and 
Aeromonas s p e c i e s .
A b s tr .  Annu. Meet. Am. Soc. M ic ro b io l  D13 p61.
Appleby, C . A . , (1984).
Leghemoglobin and Rhizobium r e s p i r a t i o n .
Annu. Rev. P la n t  P h y s io l .  35: 443-478.
Arnow, L . E . , (19 3 7 ) .
C o lo r im e tr ic  d e te rm in a tio n  o f  the  components o f  
3 ,4 - d ih y d r o x y p h e n y la la n in e -ty r o s in e  m ix t u r e s .
J .  B i o l .  Chem. 118: 531-537.
A tk in ,  C .L . and N e ila n d s ,  J .B * ,  (1968).
191
R h odotoru lic  a c id ,  a d ik e to p ip e r a z in e  dihydroxam ic a c id  w ith  
g ro w th -fa c to r  a c t i v i t y .  I s o l a t i o n  and c h a r a c t e r i s a t i o n .  
B iochem istry  7: 3734-3739.
A v e le e f ,  A . ,  Sofen, S . ,  B reg a n te , T . L . , Raymond, K . N . , (1978 ). 
C o o rd in atio n  c h e m istry  o f  m ic r o b ia l  i r o n  t r a n s p o r t  compounds. 
S t a b i l i t y  c o n sta n ts  f o r  c a t e c h o l  models o f  e n t e r o b a c t in .
J .  Am. Chem. Soc. 100: 5362-5370.
Bagg, A. and N e ila n d s ,  J .  B . , (1985).
Mapping o f  a m u tation  a f f e c t i n g  r e g u la t i o n  o f  i r o n  uptake 
systems in  Escherichia coli K-12.
J . B a ct .  161: 450-453.
Barghouthi, S . ,  Young, R. , O lson, M .O .J .,  A rcen eaux, J .E . L . ,  
Clem, L .W ., B yers ,  B . R . , (1989).
Amonabactin, a n o v e l  tryptophan- or p h e n y la n in e -c o n ta in in g  
ph en olate  s id ero p h o re  in  Aeromonas hydrophila.
J . B a ct .  17 1 :  1 8 1 1 - 1 8 1 6 . I
B a ssfo rd ,  P . J . ,  B radbeer, C . ,  Kadner. R . J . ,  Schnaitman, C.A. 
(19 76 ).
T ran sport o f  v i ta m in  B12 in  tonB mutants o f  Escherichia coli.
J . B a ct .  128: 242-247.
192
Benjamin, W.H., J r . ,  Turnbough, C .L . ,  J r . ,  Posey, B . S . ,  B r i l e s ,
D .E .,  (1985).
The a b i l i t y  o f  Salmonella typhimurium to  produce the 
s id ero p h o re  e n te r o b a c t in  i s  n o t  a v i r u l e n c e  f a c t o r  in  mouse 
typ h o id .
I n f e c t .  Immun. 50: 392-397.
B erg, J .M . , (1986).
P o t e n t i a l  m e ta l-b in d in g  domains in  n u c l e i c  a c id  b in d in g  
p r o t e i n s .
S c ie n c e  232: 485-487.
B e r in g e r ,  J . E . ,  (1974).
R f a c t o r  t r a n s f e r  in  Rhizobium leguminosarum.
J . Gen. Micro. 84: 188-198.
B ic k e l ,  E .,  B ossh ardt, A . ,  Gaumann, E . ,  R eusser, P . ,  V is c h e r ,
E . ,  V o ser, W., W e tts te in ,  A . ,  Zähner, H., (1960).
S to f fw e c h s e l  produkte von A ctinom yceten . Über d ie  i s o l i e r u n g  
und C h a ra k te r is ie ru n g  der fe rr io x a m in e  A-F, neuer w u c h s to f fe  
der sideram in-gruppe.
H elv. Chim. A c ta .  43: 2118-2128.
Biedermann, G. and S c h in d le r ,  P . ,  (19 5 7 ) .
On the s o l u b i l i t y  o f  p r e c ip a t e d  i r o n  ( I I I )  h yd ro x id e .
A c ta .  Chim. Scand. 1 1 :  731-740.
B i e n f a i t ,  H .F .,  (1988).
Mechanisms in  F e - e f f i c i e n c y  r e a c t i o n s  o f  h ig h e r  p l a n t s .
J .  P la n t  Nutr. 1 1 :  605-629.
193
B in d e r e i f ,  A . ,  a n d N e ila n d s ,  J . B . ,  (1983 ).
C lon in g  o f  the  a ero b a ctin -m ed ia ted  i r o n  a s s i m i l a t i o n  system o f  
p lasm id  ColV.
J .  B a ct .  153: 1 1 1 1 - 1 1 1 3 .
B in d e r e i f ,  A . ,  Thorsness, P .E . ,  N e ila n d s ,  J . B . ,  (1983).
D e le t io n  mapping o f  the a e r o b a c t in  gene complex o f  p lasm id  
ColV.
In o rg . Chim. A c ta .  79: 78-80.
B in d e r e i f ,  A. and N eilan d s, J . B . ,  (19 8 5 ).
Promoter mapping and t r a n s c r i p t i o n a l  r e g u la t i o n  o f  the ir o n  
a s s i m i l a t i o n  system o f  p lasm id  ColV-K30 in  Escherichia, coli 
K-12.
J .  B a ct .  162: 1039-1046.
Birnboim, H.C. and Doly, J . ,  (19 7 9 ).
A r a p id  a l k a l i n e  e x t r a c t i o n  pro cedure  f o r  s c re e n in g  recombinant 
p lasm id  DNA.
N u c le ic  A c id s  Research 7: 15 13 -15 2 3 .
B o l i v a r ,  V . B . , R odriguez, R . L . , Greene, P . J . ,  Heyneker, H.L. , 
Boyer, H.W., (19 7 7 ).
C o n s tru c t io n  and c h a r a c t e r i z a t i o n  o f  new c lo n in g  v e h i c l e s .  I I .  
A m u lt i-p u rp o se  c lo n in g  system.
Gene 2: 9 5 -113 .
194
B rad ley , D . J . ,  Wood, E . A . , L a rk in s ,  A . P . ,  G a l f r e ,  G . , B utcher,
G.W., Brewin, N .J . ,  (1988).
I s o l a t i o n  o f  monoclonal a n t ib o d ie s  r e a c t i n g  w ith  p e r ib a c t e r o id  
membranes and o th e r  components o f  pea r o o t  n o d ules  c o n ta in in g  
Rhizobium leguminosarum.
P la n ta  173: 149-160.
Braun, V. , G ross, R . , K o ste r ,  W ., Zimmermann, L. , (1983). 
Plasm id and chromosomal mutants i n  th e  i r o n  ( I I I ) - a e r o b a c t i n  
t r a n s p o r t  system  o f  Escherichia coli. Use o f  s t r e p t o n i g r i n  fo r  
s e l e c t i o n .
Mol. Gen. Genet. 192: 13 1-13 9 .
Braun, V. , B r a z e l - F a i s s t , C . , S ch n eid er, R . , (1984).
Growth s t im u la t io n  o f  Escherichia coli i n  serum by i r o n  ( I I I )  
a e r o b a c t in .  R e c y c l in g  o f  a e r o b a c t in .
FEMS M ic r o b io l .  L e t t .  21: 99-103.
Brown, A . L . , Yamaguchi, S . ,  L e a l- D ia z ,  J . ,  (19 6 5 ).I
Evidence f o r  t r a n s l o c a t i o n  o f  i r o n  in  p l a n t s .
P la n t  P h y s io lo g y  40: 35-38.
Budesinsky, M ., B u d z ik ie w ic z , H. , Prochazka, Z . , R ip p e rg e r ,  H . , 
Romer, A . ,  S c h o lz ,  G .,  S c h re ib e r ,  K . , (1980).
N ic o tia n a m in e , a p o s s i b le  p h y to s id e ro p h o re  o f  g e n era l  
o c c u re n c e .
P h yto ch em istry  19: 2295.
195
Burr, T . J . ,  Sch ro th , M.N. , Suslow, T . ,  (19 7 8 ).
In cre ased  p o ta to  y i e l d s  by treatm en t o f  s e e d p ie c e s  w ith  
s p e c i f i c  s t r a i n s  o f  Pseudomonas fluorescens and Pseudomonas 
putida.
Phytopathology 68: 1377-138 3.
Buyer, J . S . ,  W right, J .M .,  Leong, J . ,  (1986 ).
S tru c tu re  o f  p s e u d o b a c tin  A214, a s id e ro p h o re  from a 
b e a n -d e le te r io u s  Pseudomonas.
B io ch em istry  25: 5492.
Buyer, J .S .  and Leong, J . ,  (1986).
Iro n  tra n sp o rt-m e d ia te d  antagonism between p la n t  
growth-promoting and p l a n t - d e l e t e r i o u s  Pseudomonas s t r a i n s .
J .  B io l .  Chem. 261: 791-794.
C allah an , D.A. and T o rre y ,  J .G . ,  (19 8 1).
The s t r u c t u r a l  b a s i s  f o r  i n f e c t i o n  o f  r o o t  h a i r s  o f  Trifolium 
repens by Rhizobium.
Can. J . Bot. 59: 1647-1664.
C a r d e l l i ,  J .  and K onisky, J . ,  (19 74 ).
I s o l a t i o n  and c h a r a c t e r i s a t i o n  o f  an Escherichia coli mutant 
t o l e r a n t  to  C o l i c i n s  l a  and lb .
J . B a ct.  119: 379-385.
C a r i l l o ,  G.C. and P e r a l t a ,  J .R .V . ,  (1988).
S id e r o p h o re - l ik e  a c t i v i t i e s  in  Rhizobium phaseoli.
J. P la n t  N utr. 1 1 :  935-944.
196
C a rlso n , R.W ., Kalembasa, S . ,  Turowski, D . t P a c h o r i,  P . ,  N oel, 
K .D .,  (1987).
C h a r a c t e r iz a t io n  o f  the l ip o p o ly s a c c h a r id e  from a Rhizobium 
phaseoli mutant t h a t  i s  d e f e c t i v e  in  i n f e c t i o n  th rea d  
developm ent.
J .  B a c t .  169: 4923-4928.
C a r lso n , R .W ., Kalembasa, S . ,  G a rc ia ,  F . , (1988).
The e x p re ss io n  o f  R.phaseoli CE3 l i p o p o ly s a c c h a r id e  (LPS) 
O -an tig en  in  R.leguminosarum 128C53. In  N itro g e n  F ix a t io n :  
Hundred Years A f t e r  ( S t u t t g a r t :  Gustav F is c h e r )  p .p .  4 7 1 .
Casadaban, M.J. and Cohen, S .N .,  (1979).
L acto se  gene fu sed  to  exogenous promoters in  one s te p  u s in g  a 
Mu-lac b a c te r io p h a g e :  in vivo probe f o r  t r a n s c r i p t i o n a l  c o n t r o l  
se q u e n c es .
P r o c . N a t l .  Acad. S c i .  USA 76: 4530-4533.
Chaney, R . L . , Brown, J . C . ,  T i f f i n ,  L . O . , (19 7 2 ).I
O b lig a to r y  re d u c t io n  o f  f e r r i c  c h e la t e s  in  i r o n  u p ta ke  by 
so y b e a n s.
P la n t  P h y s io l .  50: 208-213.
Charlang, G. , H orowitz, R .M ., Lowy, P .H . , Ng. , B . ,  P o l in g ,
S.M ., Horowitz, N.H., (1982 ).
E x t r a c e l l u l a r  s id e ro p h o res  o f  r a p i d l y  growing Aspergillus 
nidulans and Penicillium chrysogenum.
J . B a ct .  150: 785-787.
197
C la r k ,  T.E. and Carbon, J . ,  ( 19 8 1) .
F u n c t io n a l  e x p re ss io n  o f  c lo n e d  y e a s t  DNA in  Escherichia coli: 
S p e c i f i c  complementation o f  a r g in o s u c c in a t e  ly a s e  (argH) 
m utation .
J .  Mol. B i o l .  120: 517-532.
Cody, Y .S .  and Gross, D .C .,  (19 8 7 ).
C h a r a c t e r iz a t i o n  o f  p yo ve rd in  pss, th e  f lu o r e s c e n t  s id ero p h o re  
produced by Pseudomonas syringae pv . syringae.
A ppl. Environ. M icro. 53: 928-934.
Cox, R . ,  C h a r le s ,  H .P .,  (19 7 3 ).
P o rp h yrin -accu m u latin g  mutants o f  Escherichia coli.
J .  B a c t .  113 :  122-132.
Cox, C.D. and Adams, P . ,  (198 5).
Siderophore a c t i v i t y  o f  p y o v e rd in  f o r  Pseudomonas aeruginosa. 
I n f e c t .  Immun. 48: 130-138.
I
C rosa, J .H . ,  Schiewe, M.H., Falkow, S . ,  ( 1 9 7 7 ) .
Evidence f o r  plasm id c o n t r ib u t io n  to  the v i r u le n c e  o f  the f i s h  
pathogen Vibrio anguillarum.
I n f e c t .  Immun. 18: 509-513.
C rosa, J .H . ,  Hodges, L . L . , Schiewe, M .H ., (1980 a ) .
Curing o f  a plasm id i s  c o r r e l a t e d  w ith  an a t t e n u a t io n  o f  
v i r u le n c e  in  the marine f i s h  pathogen Vibrio anguillarum. 
I n f e c t .  Immun. 27: 897-902.
198
Crosa, J . H . , (1980 b ) .
A p lasm id  a s s o c i a t e d  w ith  v i r u le n c e  i n  th e  marine f i s h  pathogen 
Vibrio anguillarum s p e c i f i e s  an i r o n - s e q u e s t e r i n g  system.
Nature 284: 566-568.
Crosa, J . H . , (1984).
The r e l a t i o n s h i p  o f  p lasm id-m ediated  i r o n  tr a n s p o r t  and 
b a c t e r i a l  v i r u l e n c e .
Ann. Rev. M icro. 38: 69-89.
C saky, T . Z . , (1948).
On th e  e s t im a t io n  o f  bound h yd roxy la m in e .
A cta  Chem. Scand. 2: 450-454.
de Lorenzo, V. , B in d e r e i f ,  A . ,  Paw, P .H ., N e ila n d s ,  J . B . ,  (1986 
a) .
A e ro b a c t in  b i o s y n t h e s i s  and tr a n s p o r t  genes o f  p lasm id  ColV-K30 
in  Escherichia coli K-12.
J .  B a ct .  165: 570-578. I
de Lorenzo, V. and N e ila n d s, J . B . ,  (1986 b) .
C h a r a c t e r iz a t i o n  o f  iucA and iucC genes o f  the  a e r o b a c t in  
system o f  p la sm id  ColV-K30 in  Escherichia coli.
J. B a ct .  167: 350-355.
de Lorenzo, V. , Wee, S . ,  H errero, M., N e ila n d s ,  J . B . ,  (1987). 
O perator sequences o f  the a e r o b a c t in  operon o f  p lasm id  ColV-K30 
b in d in g  the  f e r r i c  uptake r e g u la t io n  ( f u r )  r e p r e s s o r .
J . B a c t .  169: 2624-2630.
DeVeaux, L . C . ,  C levenson, D .S . ,  B radbeer, C . ,  Kadner, R . J . ,
(1986) .
I d e n t i f i c a t i o n  o f  the  BtuCED p o ly p e p t id e s  and eviden ce  f o r  
t h e i r  t r a n s p o r t  in  Escherichia coli .
J . B a c t .  167: 920-927.
199
de Weger, L .A . , van  B o x te l ,  R. , van d er Burg, B . ,  G ru te rs ,  
R.A. , G eels ,  F . P . ,  S ch ip p ers ,  B . , L ugtenberg, B . ,  (1986). 
Siderophores and o u te r  membrane p r o t e in s  o f  a n t a g o n i s t i c  p la n t  
g ro w th -s t im u la t in g  Pseudomonas spp.
J .  B act. 169: 1441-1446.
de Weger, L .A . , van Arendonk, J .J .C .M . ,  R e c o u rt ,  K. , van der 
H ofstad, G. , W eisbeek, P . J . ,  Lugtenberg, B . , (1988 ).
3+Siderophore-m ediated  uptake o f  Fe b y  th e  p la n t  
g ro w th -s t im u la t in g  Pseudomonas putida s t r a i n  WCS358 and by 
o th er  rh iz o sp h e re  m icroo rgan ism s.
J .  B act. 170: 4693-4698.
D i l l s ,  S . S . ,  Apperson, A . ,  Schmidt, M .R ., S a i e r ,  M .H ., (1980). 
Carbohydrate t r a n s p o r t  i n  b a c t e r i a .
M ic ro b io l .  Rev. 44: 385-418.
Dorman, C . J . ,  B a rr ,  G .C . ,  B h r ia in ,  N .N . , H ig g in s ,  C . F . ,  (1988). 
DNA s u p e r c o i l in g  and the  anaerobic  and growth phase r e g u la t io n
i
o f  tonB gene e x p r e s s io n .
J . B act. 170: 2816-2826.
E l l i o t ,  R . P . , (19 5 8 ).
Some p r o p e r t ie s  o f  p y o verd in e , the w a ter  s o lu b le  pigm ent o f  the 
Pseudomonas.
Appl. M ic r o b io l .  6: 241-246.
E lw e l l ,  L .P . and S h ip le y ,  P . ,  (1980).
Plasm id-m ediated f a c t o r s  a s s o c ia t e d  w ith  v i r u l e n c e  o f  b a c t e r i a  
to  a n im a ls .
Ann. Rev. M icro. 34: 465-496.
200
Emery, T . , (1980).
Malonichrome, a new i r o n  c h e la t e  from Fusarium roseum.
Biochim. Biophys. A c ta .  629: 382-390.
Eng-Wilmot, D.L. and van der Helm, D . , (1980).
M olecular and c r y s t a l  s t r u c t u r e  o f  the  l i n e a r  t r i c a t e c h o l  
s id ero p h o re, a g r o b a c t in .
J .  Am. Chem. Soc. 102: 7719-7725.
E rn st,  J . F . ,  B en n ett ,  R . L . , R o t h f ie ld ,  L . I . ,  (19 7 8 ). 
C o n s t i t u t iv e  e x p r e s s io n  o f  the  i r o n - e n t e r o c h e l in  and 
ferrich ro m e uptake system s in  a mutant s t r a i n  o f  Salmonella 
typhimurium.
J . B act. 135: 928-934.
Evans, S .L . ,  Arceneaux, J . E . L . ,  B yers ,  B . R . , M artin , M .E ., 
Arariha, H . , (1986).
Ferrous iro n  t r a n s p o r t  in  Streptococcus mutans.
J . B act. 168: 1096-1099. I
F einberg, A .P . and V o g e ls t e i n ,  B . ,  (1983).
A technique f o r  r a d i o l a b e l l i n g  DNA r e s t r i c t i o n  endonuclease 
fragments to  h ig h  s p e c i f i c  a c t i v i t y .
A nal. Biochem. 132: 6 -13 .
F is c h e r ,  H-M and Hennecke, H . , (1987).
D ir e c t  response o f  Bradyrhizobium japonicum n i fA -m e d ia te d  nif 
gene r e g u la t io n  o f  c e l l u l a r  oxygen s t a t u s .
Mol. Gen. Genet. 209: 621-626.
201
F is c h e r ,  H-M., Bruderer, T . ,  Hennecke, H., (1988).
E s s e n t i a l  and n o n - e s s e n t ia l  domains in  the Bradyrhizobium 
japonicum N i f  A p r o te in :  i d e n t i f i c a t i o n  o f  in d is p e n s a b le
c y s t e i n e  r e s id u e s  p o t e n t i a l l y  in v o lv e d  in  redox r e a c t i v i t y  
and/or m etal b in d in g .
N u c le ic  A cids Research 16: 2207-2225.
Fleming, T . P . , N a h lik ,  M .S .,  McIntosh, M .A ., (1983).
R e g u la t io n  o f  e n te r o b a c t in  i r o n  t r a n s p o r t  in  Escherichia coli: 
c h a r a c t e r i z a t i o n  o f  ent::Mu d (Aprl a c )  operon fu s io n s .
J .  B a ct .  156: 1 1 7 1 - 1 1 7 7 .
F r e d e r ic k ,  C .B . ,  B e n tly ,  M .D ., S h iv e ,  W., (19 8 1) .
S tr u c tu r e  o f  t r i o r n i c i n ,  a new s id e ro p h o re .
B io c h e m istry  20: 2436-2438.
F r e d e r ic k ,  C .B . ,  B e n tly ,  M.D., S h iv e ,  W., (1982).
The s t r u c t u r e  o f  the fu n g a l s id e ro p h o re ,  i s o t r i o r n i c i n .
Biophys. Res. Commun. 105: 133-138.I
F r o s t ,  G.E. and Rosenberg, H., (1 9 7 5 ) .
R e la t io n s h ip  between the tonB lo c u s  and ir o n  t r a n s p o r t  in
Escherichia coli.
J .  B a ct .  124: 704-712.
G e e ls ,  F .P . and Sch ip p ers ,  B . , (1983).
S e l e c t i o n  o f  a n t a g o n is t ic  f l u o r e s c e n t  Pseudomonas s p p . and
t h e i r  r o o t  c o lo n iz a t i o n  and p e r s i s t e n c e  fo l lo w in g  treatm en t o f
seed  p o t a t o e s .
P h y to p a th o l.  Z. 108: 207-213.
202
G i l l ,  P.R. and Warren, G .J . ,  (1988).
An ir o n -a n ta g o n iz e d  f u n g i s t a t i c  a g en t t h a t  i s  not r e q u ir e d  f o r  
i r o n  a s s i m i l a t i o n  from a f lu o r e s c e n t  r h iz o s p h e r e  pseudomonad.
J .  B a c t .  170: 163-170.
G i l l ,  P.R. and N eilan d s, J . B . ,  (1989 ).
C lon ing  a genomic r e g io n  r e q u ir e d  f o r  a h i g h - a f f i n i t y  
iro n -u p ta k e  system  in  Rhizobium meliloti 10 21.
Mol. M ic r o b io l .  3: 1183-1189.
G illam , A .H . , L ew is, A . G . , Anderson, R . J . ,  (1 9 8 1 ) .
Q u a n t i t a t iv e  d eterm in ation  o f  hydroxyam ic a c i d s .
A nal. Chem. 53: 841-844.
Greenwood, K .T. and Luke, R .K .J . ,  ( 19 7 6 ) .
S tu d ies  on the  enzymatic s y n t h e s is  o f  e n t e r o c h e l in  in
Escherichia coli K-12: fo u r  p o ly p e p t id e s  in v o lv e d  in  the
co n ve rs io n  o f  2 ,3  dihydroxybenzoate  to  e n t e r c h e l in .
Biochim. B iophys. A cta . 454: 285-297.I
Greenwood, K .T. and Luke, R .K .J . ,  (1980 ).
S tu d ie s  on the  enzymatic s y n t h e s is  o f  e n t e r o c h e l in  in
Escherichia coli K-12, Salmonella typhimurium and Klebsiella 
pneumoniae. P h y s ic a l  a s s o c i a t io n  o f  e n t e r o c h e l i n  sy n th e ta se  
components in vitro.
Biochim. B iophys. A c ta .  614: 18 5-195.
G r i f f i t h s ,  G . L . , S i g e l ,  S .P . ,  Payne, S . M., N e ila n d s, J .B . ,  
(1984) .
V i b r io b a c t in ,  a s id erop hore  from Vibrio cholerae.
J. B i o l .  Chem. 259: 383-385.
203
G rig g s , D.W. and K onisky, J . ,  (1989).
Mechanism f o r  i r o n - r e g u la t e d  t r a n s c r i p t i o n  o f  the  Escherichia 
coli cir gene: m eta l dependent b in d in g  o f  Fur p r o t e i n  to  the 
prom oters.
J .  B a ct.  17 1 :  1048-1054.
Gross, R. , E n g e lb re c h t ,  F . , Braun, V. , (19 8 5 ).
I d e n t i f i c a t i o n  o f  th e  genes and t h e i r  p o ly p e p t id e  prod ucts  
r e s p o n s ib le  f o r  a e r o b a c t in  b io s y n t h e s is  b y  pColV p la sm id s .
Mol. Gen. Genet. 201: 204-212.
G uerinot, M .L . , M eid l,  E . J . ,  P le s s n e r ,  0 . ,  (1990 ).
C i t r a t e  as a s id e ro p h o re  in  Bradyrhizobium japonicum.
J . B a ct .  172: 3298-3303.
Gussin, G .N . , Ronson, C.W., Ausubel, F .W ., (1986).
R e g u la t io n  o f  n i t r o g e n  f i x a t i o n  genes.
Annu. Rev. Genet. 20: 567-591.
Guterman, S .K . ,  (19 7 3 ) .
C o l i c in  B: mode o f  a c t i o n  and i n h i b i t i o n  b y  e n t e r o c h e l i n .
J .  B a ct.  114 :  12 17-12 2 4 .
Guterman, S ,K . and Dann, L . , (1973).
E x c re t io n  o f  e n t e r o c h e l i n  by exbA and exbB mutants o f  
Escherichia coli .
J . B a ct .  114 :  1225-1230.
204
Hancock, R.E.W. and Braun, V. , (19 7 6 ).
Nature o f  the  energy requirem ent f o r  th e  i r r e v e r s i b l e  
a d so rp tio n  o f  b a c te r io p h a g e  T1 and ^80 to  Escherichia coli.
J .  B a ct.  125: 409-415.
Hantke, K. and Zimmerman, L . , (19 8 1) .
The importance o f  th e  exbB gene f o r  v i ta m in  B12 and f e r r i c  ir o n  
t r a n s p o r t .
FEMS M ic r o b io l .  L e t t .  12: 31-35 .
Hantke, K . , ( 19 8 1) .
R e g u la t io n  o f  f e r r i c  i r o n  t r a n s p o r t  in  Escherichia coli K-12: 
i s o l a t i o n  o f  a c o n s t i t u t i v e  mutant.
Mol. Gen. Genet. 182: 288-292.
Hantke, K . , (1983).
I d e n t i f i c a t i o n  o f  an ir o n  uptake system s p e c i f i c  f o r  coprogen 
and r h o d o to r u l ic  a c id  i n  Escherichia coli K-12.
Mol. Gen. Genet. 19 1:  301-306. I
Hantke, K . , (1984).
Cloning o f  the  r e p r e s s o r  p r o t e i n  gene o f  th e  i r o n  r e g u la t e d  
system in  Escherichia coli K -12.
Mol. Gen. Genet. 197: 337-341.
Hantke, K . , (1990).
D ih yd ro xyb e n zo ylser in e  - a s id ero p h o re  f o r  E.coli.
FEMS M ic r o b io l .  L e t t .  67: 5-8 .
205
H a rr is ,  W.R. , e t  a l . ,  (19 7 9 ).
C o o rd in atio n  ch em istry  o f  m ic r o b ia l  i r o n  t r a n s p o r t  compounds. 
S t a b i l i t y  co n sta n ts  and e le c t r o c h e m i c a l  b e h a v io r  o f  f e r r i c  
e n te r o b a c t in  and model co m p lexes.
J .  Am. Chem. Soc. 101: 6097-6104.
H e l le r ,  K. and Kadner, R . J . ,  (19 8 5 ).
N u c le o t id e  sequence o f  th e  gene f o r  th e  v ita m in  B12 r e c e p t o r  
p r o t e in  in  the o uter membrane o f  Escherichia coli.
J .  B a ct .  161: 904-908.
Henning, V. , (19 7 5).
D eterm ination o f  c e l l  shape in  b a c t e r i a .
Ann. Rev. M ic ro b io l .  29: 45-60.
H errington, D .A . , and S p a r l in g ,  P . F . ,  (1985).
Haemophilus influenzae can use  human t r a n s f e r r i n  as a s o le  
source  f o r  r e q u ire d  iro n .
I n f e c t .  Immun. 48: 248-251. f
H i l l ,  S . ,  Kennedy, C . ,  Kavanagh, E . , Goldberg, R . B . , Hanau,
R . ,  (19 8 1) .
N itro g en  f i x a t i o n  gene (nifL) in v o lv e d  in  oxygen r e g u l a t i o n  o f  
n i t r o g e n  s y n th e s is  in  Klebsiella pneumoniae.
Nature 290: 424-426.
H o l l i f i e l d ,  W .C., J r .  and N e i la n d s ,  J . B . ,  (1978).
F e r r i c  e n te r o b a c t in  t r a n s p o r t  system  i n  Escherichia coli K -12. 
E x tr a c t io n ,  a ss a y  and s p e c i f i c i t y  o f  the o u te r  membrane 
r e c e p to r .
B io ch e m istry  17: 1922-1928.
206
I n n e s , R .W ., Kuempel, P . L . , P l a z i n s k i ,  J . ,  C a n te r- Crem ers,
H ., R o l f e ,  B .G .,  D jo rd e v ic ,  M. A . ,  (19 8 5 ).
P la n t  f a c t o r s  induce e x p re ss io n  o f  n o d u la t io n  and h o s t-ra n g e  
genes in  Rhizobium trifolii.
Mol. Gen. Genet. 201: 426-432.
Inouye, M., (19 7 9 ).
Bacterial outer membranes.
W iley (E d.)  New York. p . 534.
Jensen, I . ,  (1942).
N itro g e n  f i x a t i o n  in  leguminous p la n t s  I .  G eneral 
c h a r a c t e r i s t i c s  o f  ro o t  nodule b a c t e r i a  i s o l a t e d  from s p e c ie s  
o f  Medicago and Trifolium in  A u s t r a l i a .
Proc. Linn. S o c . N.S.W. 66: 98-108.
J u r k e v i t s c h ,  E . ,  Hadar, Y . ,  Chen, Y . ,  (1986).
The remedy o f  lim e-ind uced  c h l o r o s i s  in  peanuts by pseudomonas 
sp. s id e r o p h o r e s .
J .  P la n t  N utr. 9: 535-545.
Kadner, R .J .  and McElhaney, G .,  (19 7 8 ).
Outer membrane- dependent t r a n s p o r t  systems in  Escherichia coli: 
tu rn o v e r  o f  TonB fu n c t io n .
J . B a ct .  134: 1020-1029.
King, E . O . , Ward., M .K ., Raney, D .E .,  (195 4).
Two sim ple  media f o r  the d em on stration  o f  pyocyanin  and 
f l u o r e s c i n .
J .  Lab. C l i n .  Med. 44: 301-307.
2 0 7
Kloepper, J .W ., Leong, J . ,  T e in tz e ,  M. , S ch ro th , M.N. ,
(1980 a ) .
Enhanced p la n t  growth by s id e ro p h o res  produced b y  p la n t
growth-prom oting r h i z o b a c t e r ia .
Nature 286: 885-886.
K loepper, J .W ., Schroth , M .N ., M i l l e r ,  T . D . , (1980 b ) .
E f f e c t s  o f  rh iz o sp h e re  c o lo n iz a t i o n  by p l a n t  growth-prom oting 
r h i z o b a c t e r i a  on p o ta to  p la n t  development and y i e l d .
Knosp, 0 . ,  von T ig erstro m , M ., Page, W .J .,  (19 8 4 ).
Siderophore m ediated uptake o f  i r o n  i n  Azotobacter vinelandii. 
J . B a ct.  159: 341-347.
K o ss la k , R .M ., Bookland, R . , B a rk e i ,  J . ,  Paaren, H .E.,
Appelbaum, E . R . , (198 7).
In d u ctio n  o f  Bradyrhizobium japonicum common nod genes by 
i s o f la v o n e s  i s o l a t e d  from Glycine max.
Proc. N a t l .  Acad. S c i .  USA. 84: 7428-7432.I
Landsberg, E .C . ,  ( 19 8 1) .
Organic a c id  s y n th e s is  and r e le a s e  o f  hydrogen ion s  in  response 
to  Fe d e f i c i e n c y  s t r e s s  o f  mono- and d ic o ty le d o n o u s  p la n ts  
s p e c i e s .
J . P la n t  N utr. 3: 579-591.
Lankford, C .E . ,  (19 7 3 ).
B a c t e r i a l  a s s i m i l a t i o n  o f  iro n .
C r i t .  Rev. M ic r o b io l .  2: 273-331.
208
Lawlor, K.M. and Payne, S .M., (1984).
A e ro b a c tin  gene in  Shigella sp p .
J . B a ct.  160: 266-272.
Lawlor, K.M., D a sk a le ro s ,  P .A . ,  Robinson, R .E . ,  Payne, S .M.,
(1987).
V iru le n c e  o f  ir o n  t r a n s p o r t  mutants o f  Shigella flexneri and 
u t i l i z a t i o n  o f  h o s t  i r o n  compounds.
I n f e c t .  Immun. 55: 594-599.
L eigh, J . A . ,  Reed, J .W ., Hanks, J . F . ,  H irsch , A .M ., W alker,
G .C .,  (1987).
Rhizobium meliloti mutants t h a t  f a i l  to  s u c c i n y l a t e  t h e i r  
c a lc o f lu o r - b i n d i n g  e x o p o ly s a c c h a r id e  are  d e f e c t i v e  in  nodule 
in v a s io n .
C e l l  51: 579-587.
Lemos, M .L ., S a l i n a s ,  P . ,  Toranzo, A . E . , B a r ja ,  J . L . ,  Crosa, 
J .H . ,  (1988). I
Chromosome-mediated i r o n  uptake system in  p a th o g e n ic  s t r a i n s  o f  
Vibrio anguillarum.
J . B a ct.  170: 1920-1925.
Leong, S.A. and N e ila n d s ,  J . B . ,  (19 8 1) .
R e la t io n s h ip  o f  s id e ro p h o re  m ediated ir o n  a s s i m i l a t i o n  to 
v i r u le n c e  in  crown g a l l  d is e a s e .
J .  B a ct .  147: 482-486.
Leong, S.A. and N e ila n d s ,  J . B . ,  (1982).
Siderophore p ro d u c t io n  by p h ytopathogenic  m ic r o b ia l  s p e c i e s .  
Arch. Biochem. B iophys. 218: 351-359.
209
Lerouge, P . ,  Roche, P . ,  Faucher, C . ,  M a i l l e t ,  F . ,  T ru c h e t ,  G .,  
Promé, J . C . ,  D énarié, J . ,  (1990 ).
Sym biotic  h o s t - s p e c i f i c i t y  o f  Rhizobium meliloti i s  determ ined 
by a su lp h a ted  and a c y la t e d  glucosam ine o l i g o s a c c h a r i d e  s i g n a l .  
Nature 344: 781-784.
Libbenga, K.R. and Harkes, P .A .A . ,  (19 7 3 ) .
I n i t i a l  p r o l i f e r a t i o n  o f  c o r t i c a l  c e l l s  in  the  fo rm a tio n  o f  
r o o t  modules in  Pisum sativum.
P la n ta  114: 17-28.
Long, S .R . ,  (1989).
Rhizobium- legume n o d u la t io n :  L i f e  to g e th e r  in  the underground. 
C e l l  56: 203-214.
Luckey, M. , P o l la c k ,  J . R . ,  Wayne, R. , Ames, B .N . , N e i la n d s , 
J . B . ,  (1972).
Iro n  uptake in  Salmonella typhimurium: u t i l i z a t i o n  o f  exogenous 
siderochrom es as ir o n  c a r r i e r s . I
J .  B a ct .  I l l :  731-738.
L u r ia ,  S.E . and D elbruck, M ., (1943).
M utations o f  b a c t e r i a  from v i r u s  s e n s i t i v i t y  to  v i r u s  
r e s i s t a n c e .
G e n e t ic s  28: 4 9 1-5 11 .
McDougall, S. and N e ila n d s ,  J . B . ,  (1984).
Plasm id- and chromosome-coded a e r o b a c t in  s y n th e s is  i n  e n t e r i c  
b a c t e r i a :  i n s e r t i o n  sequences f la n k  operon in  plasm id -m ed iated  
sy s te m s .
J .  B a ct .  159: 300-305.
210
McIntosh, M .A ., Chenault, S . S . ,  E a rh a rt ,  C . F . ,  (19 79 ).
G e n e tic  and p h y s i o l o g i c a l  s t u d ie s  on th e  r e l a t i o n s h i p  between 
c o l i c i n  B r e s i s t a n c e  and f e r r i e n t e r o c h e l i n  uptake in  
Escherichia coli K-12.
J .  B a c t .  137: 653-657.
M a n ia t is ,  T . , F r i t s c h ,  E .F . ,  Sambrook, J . ,  (1982).
M o lecu la r  c lo n in g .  A la b o r a t o r y  manual.
Cold  Spring  Harbor L abo rato ry.
Magazin, M., Moores, J . C . ,  Leong, J . ,  (1986).
C lon in g  o f  the  gene coding f o r  the o u te r  membrane re c e p to r  
p r o t e i n  f o r  f e r r i c  p seu d o b a ctin , a s id e ro p h o re  from a p la n t  
growth-prom oting Pseudomonas s t r a i n .
J .  B i o l .  Chem. 261: 795-799.
Marugg, J .D . ,  van Spanje, M., H oekstra , W.P.M., S ch ip p ers ,  B . ,  
Weisbeek, P . J . ,  (1985).
I s o l a t i o n  and a n a ly s is  o f  genes in v o lv e d  in  s id ero p h o re«
b i o s y n t h e s i s  in  p la n t- g r o w th - s t im u la t in g  Pseudomonas putida 
WCS358.
J .  B a c t .  164: 563-570.
Marugg, J .D . ,  N e ila n d er , H .B .,  H o r r e v o e ts , A . ,  van Megen, I . ,  
van Genderen, I . ,  Weisbeek, P . J . ,  (1988).
G e n e tic  o r g a n iz a t io n  and t r a n s c r i p t i o n a l  a n a ly s is  o f  a major 
gene c l u s t e r  in v o lv e d  in  s id e ro p h o re  b i o s y n t h e s is  in  
Pseudomonas putida WCS358.
J .  B a ct .  170: 1812 -1819 .
211
M atsushiro, A . ,  (1963).
S p e c i a l i z e d  tr a n s d u c t io n  o f  tryp tophan m arkers i n  Escherichia 
coli by b a c te r io p h a g e  <£80.
V ir o lo g y  19: 475-482.
Meyer, J.M. and H ornsperger, J .M ., (1978 a ) .
Role o f  P yoverd inep f, the i ro n -b in d in g  f l u o r e s c e n t  pigment o f  
Pseudomonas fluorescens, in  iro n  t r a n s p o r t .
J .  Gen. M icro. 107: 329-331.
Meyer, J.M. and A b d a lla h ,  M .A ., (1978 b ) .
The f l u o r e s c e n t  pigment o f  Pseudomonas fluorescens: 
b i o s y n t h e s i s ,  p u r i f i c a t i o n  and p h y s io c h e m ica l p r o p e r t i e s .
J . Gen. M icro. 107: 319-328.
M i l l e r ,  J .H . ,  (19 7 2 ) .
Experiments in  m o le cu la r  g e n e t ic s ,  a l a b o r a t o r y  manual.
Cold Spring  Harbor L ab o ra to ry , Cold S p rin g  Harbor, N.Y. .
Modi, M ., Shah, K . S . ,  Modi, V . V . , ' (19 8 5 ).
I s o l a t i o n  and c h a r a c t e r i z a t i o n  o f  a c a t e c h o l - l i k e  sid erop hore  
from cowpea Rhizobium RA-1.
Arch. M ic r o b io l .  14 1:  156-158.
Moore, R.E. and Emery, T . ,  (1976).
Na - A c e t y l f u s a r i n i n e s : I s o l a t i o n ,  c h a r a c t e r i z a t i o n  and
p r o p e r t i e s .
B io ch em istry  15: 2719-2723.
212
Moores, J . C . ,  Magazin, M ., D i t t a ,  G . , Leong, J . ,  (198 4).
Cloning o f  genes in v o lv e d  in  the b i o s y n t h e s i s  o f  p seu d o b a c tin ,  
a h i g h - a f f i n i t y  ir o n  t r a n s p o r t  a g e n t  o f  a p la n t  
growth-promoting Pseudomonas s t r a i n .
J . B act. 157: 53-58.
M üller , P . ,  Hynes, M. , Kapp, D .,  N ie h a u s , K. , P ü h le r ,  A . ,  
(1988).
Two c l a s s e s  o f  Rhizobium meliloti i n f e c t i o n  m utants d i f f e r  in  
e x o p o ly sa c c h a r id e  p ro d u c tio n  and i n  c o in o c u la t i o n  p r o p e r t i e s  
w ith  n o d u la t io n  m u ta n ts .
Mol. Gen. Genet. 2 11:  17-2 6 .
M u lligan , J .T .  and Long, S .R . ,  (1985).
In d u ctio n  o f  Rhizobium meliloti node e x p r e s s io n  by p la n t  
exudates r e q u ir e s  nodD.
Proc. N a t l .  Acad. S c i .  USA. 82: 6609-6613.
N a d le r , K .D . , Johnston, A .W .B ., Chen, J -W ., John, T . R . , (1990).I
A Rhizobium leguminosarum mutant d e f e c t i v e  in  s y m b io t ic  iro n  
a c q u is i t i o n .
J . B a ct.  172: 670-677.
N ah lik , M .S ., Flem ing, T . P . ,  McIntosh, M ., (19 8 7 ) .
C lu s te r  o f  genes c o n t r o l l i n g  s y n th e s is  and a c t i v a t i o n  o f
2 , 3-d ih yd ro xyb en zo ic  a c id  in  p ro d u c tio n  o f  e n t e r o b a c t in  in  
Escherichia coli .
J .  B a ct.  169: 4163-4170.
213
N eila n d s, J . B . ,  (19 5 2 ).
A c r y s t a l l i n e  o rg a n o -iro n  pigment from a r u s t  fungus Ustilago 
sphaerogena.
J .  Am. Chem. Soc. 74: 4846-4847.
N e ila n d s, J . B . ,  (19 7 2 ) .
E v o lu tio n  o f  b i o l o g i c a l  i r o n  b in d in g  c e n t r e s .
S t r u c t .  Bonding B e r l i n  1 1 :  145-170 .
N eila n d s, J . B . ,  (1982).
M ic ro b ia l  envelope p r o t e in s  r e l a t e d  to  ir o n .
Ann. Rev. M icro. 36: 285-309.
Noel, K .D ., Vandenbosch, K . A . , K ulpaca, B . , (1986).
M utations in  Rhizobium phaseoli t h a t  le a d  to  a r r e s t e d  
development o f  i n f e c t i o n  t h r e a d s .
J .  B act. 168: 1392-140 1.
Norrander, J . ,  Kempe, T . , M essing, J . ,  (1983).(
C o n stru c tio n  o f  improved M13 v e c t o r s  u s in g  o l i g o n u c l e o t i d e  
d ir e c t e d  m utagenesis .
Gene 26: 101-106.
O 'B rie n ,  E.G. and Gibson, F . , (1970 ).
The s t r u c t u r e  o f  e n t e r o c h e l i n  and r e l a t e d
2 , 3-d ihyd roxy-N -benzoyl s e r in e  c o n ju g a te s  from Escherichia 
coli.
Biochim. Biophys. A c ta .  215: 393-402,
214
O'Hara, G.W. , D ilw orth , M. J . ,  Boonkerd, N . , Parkpian, P . ,  
(1988) .
I r o n - d e f i c ie n c y  s p e c i f i c a l l y  l i m i t s  nodule development in  
peanut in o c u la te d  w ith  Bradyrhizobium s p .
New P h y to l .  108: 5 1-5 7 .
O 'S u l l iv a n ,  D . , M orris , J . ,  O 'G ara, F . , (1990 a ) .
I d e n t i f i c a t i o n  o f  an a d d i t io n a l  f e r r i c - s i d e r o p h o r e  uptake gene 
c l u s t e r e d  w ith  r e c e p to r ,  b i o s y n t h e s i s ,  and f u r - l i k e  r e g u la t o r y  
genes in  f lu o r e s c e n t  Pseudomonas sp. s t r a i n  M114.
A ppl. Environ. M icro. 56: 2056-2064.
O 'S u l l iv a n ,  D . J . ,  O 'Gara, F . , ( 1 9 9 0 b ) .
Iro n  r e g u la t io n  o f  f e r r i c  i r o n  uptake  in  a f lu o r e s c e n t  
pseudomonad: c lo n in g  o f  a r e g u la t o r y  gene.
Mol. P la n t  Microbe I n t e r a c t .  3: 86-93.
Ong, S . A . ,  P e terso n , T . , N e ila n d s,  J . B . ,  ( 1979) .
A g ro b a ctin ,  a s id erop hore  from Agrobacterium tamefaciens.I
J .  B i o l .  Chem. 254: 1860-1865.
Padmanaban, G. and Sarma, P . S . ,  (19 6 4 ).
A new iro n -b in d in g  compound from c o b a l t - t o x i c  c u l t u r e s  o f  
Neurospora crassa.
Arch. Biochem. B io p h ys. 108: 362-363.
P a t e l ,  H . N. , Chakraborty , R . N . , D e s a i,  S . B . ,  (1988).
I s o l a t i o n  and p a r t i a l  c h a r a c t e r i z a t i o n  o f  p h en o late  s id ero p h o re  
from Rhizobium leguminosarum IAR1102.
FEMS Microb. L e t t s .  56: 1 3 1-13 4 .
215
Payne, S.M.,  (1987) .
Iro n  t r a n s p o r t  in  Shigella and Vibrio s p e c i e s .
In: Iro n  t r a n s p o r t  in  m icrobes, p la n t s  and anim als.
P e r e z - c a s a l ,  J . F .  and Crosa, J . H . ,  (198 4).
A e ro b a c tin  i r o n  uptake sequences i n  p la sm id  ColV-K30 are  
f la n k e d  by i n v e r t e d  I S l - l i k e  elem ents and r e p l i c a t i o n  r e g io n s .  
J . B a ct .  160: 256-265.
P e rry , R.D. and Brubaker, R . R . , ( 19 7 9 ) .
Accum ulation o f  ir o n  by Yersiniae.
J .  B a ct .  137: 1290-1298.
P e te r s ,  N . K . , F r o s t ,  J.W. ,  Long, S . R . , (19 8 6 ).
A p la n t  f la v o n e ,  l u t e o l i n ,  induces e x p r e s s io n  o f  Rhizobium 
meliloti n o d u la t io n  genes.
S c ien ce  233: 917-1008.
P eterso n , T. a n d N e ila n d s ,  J . B . ,  ( 1979) .
f
R evised  s t r u c t u r e  o f  a catech olam id e  sperm idine sid erop hore  
from Paracoccus denitrificans.
Tetrahedron L e t t .  50: 4805-4808.
P ie r c e ,  J . R . ,  P i c k e t t ,  C . L . , E arh a rt,  C . F . ,  (1983) .
Two fep genes a re  r e q u ire d  f o r  f e r r i e n t e r o c h e l i n  uptake in  
Escherichia coli K-12.
J.  B a ct .  155: 330-336.
216
P ie r c e ,  J .R.  and E a rh a rt ,  G. F . ,  (1986 a ) .
Escherichia coli K-12 envelope p r o t e in s  s p e c i f i c a l l y  r e q u ir e d  
fo r  f e r r i e n t e r o b a c t i n  uptake.
J. B a ct.  166: 930-936.
Plastow , G.S.  and H olland, I . B . ,  ( 1979) .
I d e n t i f i c a t i o n  o f  an Escherichia coli in n e r  membrane
p o ly p e p tid e  s p e c i f i e d  by a A-tonB tra n s d u c in g  b a c te r io p h a g e .  
Biochem. B io p h y s . Res. Commun. 90: 1007-1014.
P o l la c k ,  J . R . ,  Ames, B. N. ,  N e ila n d s,  J . B . ,  (1970 a ) .
Iron  t r a n s p o r t  i n  Salmonella typhimurium: Mutants b lo c k e d  in
the b io s y n t h e s i s  o f  e n te r o b a c t in .
J . B act. 104: 635-639.
P o l la c k ,  J .R.  and N e ila n d s,  J . B . ,  (1970 b ) .
E n te ro b a c tin ,  an ir o n  tr a n s p o r t  compound from Salmonella 
typhimurium.
Biochem. B iophys. Res.  Commun. 38: 989-992.
I
P o s t le ,  K. and Good, R . F . ,  (1983).
DNA sequences o f  th e  Escherichia coli tonB gene.
Proc. N a t l .  Acad. S e i .  USA 80: 5235-5239.
P o s t le ,  K .,  (1990 ).
A erobic r e g u l a t i o n  o f  the Escherichia coli tonB gene b y  changes 
in  ir o n  a v a i l a b i l i t y  and the  fur lo c u s .
J . B act. 172: 2287-2293.
217
P r e s s l e r ,  V . ,  Staudenmaier, H ., Zimmerman, L . ,  Braun, V . ,
(1988) .
G en etics  o f  the  i r o n  d i c i t r a t e  t r a n s p o r t  system o f  Escherichia 
coli.
J .  B a ct.  170: 2716-2724.
P u g sley , A.P.  and R e e v e s , P . ,  (1976 a ) .
Iro n  uptake in  c o l i c i n  B - r e s i s t a n t  mutants o f  Escherichia coli 
K - 1 2.
J .  B a ct .  126: 1052-1062.
P u g sley , A.P.  and R eeves, P . ,  (1976 b ) .
C h a r a c t e r iz a t io n  o f  group B c o l i c i n - r e s i s t a n t  mutants o f  
Escherichia coli K-12: c o l i c i n  r e s i s t a n c e  and the r o l e  o f
e n t e r o c h e l i n .
J .  B act. 127: 218-228.
Redmond, J.W. ,  B a t le y ,  M., D jo r d je v i c ,  M. A . , I n n e s , R. W. , 
Kuempel, P . L . , R o l f e ,  B . G . , (1986).I
Flavones induce e x p r e s s io n  o f  n o d u la t io n  genes in  Rhizobium. 
Nature 323: 632-634.
Reeves, M.W., (1983).
Absence o f  s id e ro p h o re  a c t i v i t y  in  Legionella s p e c ie s  grown in  
ir o n  d e f i c i e n t  media.
J .  B a ct.  154: 324-329.
Reynolds, P . R . , M ottur, G . R . , Bradbeer, C . ,  (1980).
T ran sport o f  v i ta m in  B12 in  Escherichia coli.
J . B i o l .  Chem. 225: 4313-4319.
218
Rigby, P . ,  Dickman, M., Rhodes, C . ,  B erg , P . ,  ( 1977) .
L a b e l l in g  o f  DNA to a h ig h  s p e c i f i c  a c t i v i t y  in  vitro by 
t r a n s l a t i o n  w ith  DNA polym erase I .
J .  Mol. B i o l .  113 :  237-251.
Rioux Clement, D ., Jordan, C . ,  R a t t r a y ,  J . B . M. ,  (1983). 
C o lo r im e tr ic  d eterm in a tion  o f  c a t e c h o l  s id e ro p h o res  in  
m ic r o b ia l  c u l t u r e s .
A n al.  Biochem. 133: 163-169.
Robertson, J . G . ,  L y t t le t o n ,  P . ,  B u l l i v a n t ,  S . ,  G rayston, G . F . ,  
(1978) .
Membranes in  lu p in  ro o t  n o d u le s .  The r o l e  o f  g o l g i  b o d ie s  in  
the b io g e n e s is  o f  i n f e c t i o n  th re a d s  and p e r i b a c t e r o i d  
membranes.
J .  C e l l  Se i .  30: 129-149.
R o e s s le r ,  P.G. and N adler, K . D. ,  ( 1982) .
D e f ic ie n c y  o f  heme b i o s y n t h e s is  i n  Rhizobium japonicum.
J . B a ct .  149: 1021-1026.
R ogers, H. J . ,  ( 1973) .
I ro n -b in d in g  c a te c h o ls  and v i r u l e n c e  i n  Escherichia coli. 
I n f e c t .  Immun. 7: 445-456.
Römheld, V. and Marschner, H ., ( 1983) .
Mechanisms o f  ir o n  uptake b y  peanut p l a n t s .  F e ( I I I )  r e d u c t io n ,  
c h e la t e  s p l i t t i n g  and r e l e a s e  o f  p h e n o l i c s .
P la n t  P h y s io l .  71:  949-954.
219
Römheld, V . ,  M ü lle r ,  C . ,  Marschner, H., (1984).
L o c a l i z a t i o n  and c a p a c i ty  o f  p ro to n  pumps i n  r o o ts  o f  i n t a c t  
su n flo w er p l a n t s .
P la n t  P h y s io l .  76: 603-606.
Römheld, V . ,  (1987) .
E x is te n c e  o f  two d i f f e r e n t  s t r a t e g i e s  f o r  th e  a c q u i s i t i o n  o f  
ir o n  i n  h ig h e r  p l a n t s .
In: I r o n  T ran sp o rt  in  M icrobes, P la n ts  and Anim als.
Winkelmann, G .,  van der Helm, D .,  N e i la n d s ,  J . B . ,  (E d s.)  VCH.
Rosen, B . P . ,  (1978 ).
B a c t e r i a l  T ra n sp o rt .  New York, 684pp.
Rosenberg, H. and Young, I . G. ,  (19 7 4 ) .
Iro n  t r a n s p o r t  in  the e n t e r ic  b a c t e r i a .
In: M ic r o b ia l  i r o n  metabolism: a comprehensive t r e a t i s e ,  p.
67-82.  Academic P re s s ,  Inc. New York.
[
Rosenberg, C . ,  B o ita rd ,  P . ,  D en arie ,  J . ,  C a s s e -D e lb a r t ,  F . ,  
( 19 8 1) .
Genes c o n t r o l l i n g  e a r l y  and l a t e  fu n c t io n s  in  sym biosis  are 
l o c a t e d  on a megaplasmid in  Rhizobium melilotl.
Mol. Gen. Genet. 184: 326-333.
S ayer, J.M. and Emery, T . , (1968).
S tr u c tu r e  o f  the n a t u r a l l y  o c c u r in g  hydroxamic a c id s ,  
f u s a r i n i n e  A and B.
B io c h e m istry  7: 184-190.
220
Schroth, M.N. and Hancock, J . G . ,  (1982).
D is e a s e - s u p r e s s iv e  s o i l  and r o o t - c o l o n i z i n g  b a c t e r i a .
Scien ce  216: 1376-138 1.
Schwyn, B. and N e ila n d s,  J . B . ,  (1987) .
U n iv e rsa l  chem ical a ss a y  f o r  the d e t e c t i o n  and d e te rm in a tio n  o f  
s id e ro p h o r e s .
Anal. Biochem. 160: 47-56.
S i g e l ,  S . P . ,  S to ebn er, J . A . ,  Payne, S.M. ,  (19 8 5 ).  
I r o n - v i b r i o b a c t i n  t r a n s p o r t  system  i s  n o t  r e q u ir e d  fo r  
v i r u le n c e  o f  Vibrio cholerae.
I n f e c t .  Immun. 47: 360-362.
Simon, J . ,  Greenwood, K . T . , R ichard , K . J . ,  (19 8 2 ). 
I r o n - s u p r e s s ib le  p ro d u ctio n  o f  hydroxamate b y  Escherichia coli 
i s o l a t e s .
I n f e c t .  Immun. 36: 870-875.
I
Simon, R . , P r i e f e r ,  U . , P u h ler ,  A . ,  (1983) .
A broad h o s t  range m o b i l iz a t io n  system f o r  in  vivo g e n e t ic  
e n g in e e rin g :  Transposon m utagenesis in  g ra m -n eg a tive  b a c t e r i a .  
B io te ch n o lo g y  1 :  784-791.
Simon, R. (198 4).
High fre q u en c y  m o b i l iz a t io n  o f  g ra m -n eg a tive  b a c t e r i a l  
r e p l ic o n s  b y  the in vivo c o n s tr u c te d  Tn5-mob tra n sp oso n .
Mol. Gen. Genet. 196: 413-420.
221
Smith, M.J.  and N e ila n d s ,  J . B . ,  (1984).
R h iz o b a c tin ,  a s id ero p h o re  from Rhizobium meliloti.
J . p la n t  Nutr. 7: 449-458.
Smith, M. J. ,  S c h o o le ry ,  J . N . ,  Schwyn, B . ,  Holden, I . ,  N e ila n d s ,  
J . B . ,  (1985).
R h iz o b a c tin ,  a s t r u c t u r a l l y  n o v e l  s id ero p h o re  from Rhizobium 
meliloti.
J . Am. Chem. Soc. 107: 1739-1743.
Smith, M.J.  and N e ila n d s ,  J . B . ,  (1987) .
R h iz o b a c tin ,  a s t r u c t u r a l l y  n o v e l  s id ero p h o re  b io c h e m ic a l ly  
r e l a t e d  to  the  o p i n e s .
In: M olecular S t r a t e g i e s  f o r  Crop P r o te c t io n ,  p . 15 7 -16 8 .
L i s s , A . R . , Inc.
Snow, G. A. ,  (1970).
M yco bactin s: I r o n - c h e la t in g  growth f a c t o r s  from m y co b a c te r ia .  
B a c t e r i o l .  Rev. 34: 99-125.
(;
So, M . , h e f f r o n ,  F . , McCarthy, B . J . ,  (1979) .
The E.coli gene encoding h e a t  s t a b le  t o x in  i s  a b a c t e r i a l  
transposon f la n k e d  b y  in v e r t e d  r e p e a ts  o f  IS1 .
Nature 277: 453-456.
Southern, E.M.,  ( 1975) .
D e te c t io n  o f  s p e c i f i c  sequences among DNA fragm ents se p a ra te d  
by g e l  e l e c t r o p h o r e s is .
J . Mol. B io l .  98: 503-517.
222
Spaink, H. , Okker, W iffelm an, C . A . ,  P e er ,  E. ,
Lugtenberg, (1987) .
Prometers in  the n o d u la t io n  r e g io n  o f  the  Rhizobium
leguminosarum sym plasm id p R L l J l .
P la n t  Mol. B i o l .  9: 27-39.
Stephenson, M.C. and R a t le d g e ,  C . , (1980).
S p e c i f i c i t y  o f  e x o c h e l in s  f o r  i r o n  t r a n s p o r t  i n  th r e e  s p e c ie s  
o f  m yco b a cte r ia .
J .  Gen. M icro. 116: 521-523.
S t u a r t ,  S . J . ,  Greenwood, K . T . ,  Luke, R . K . J . ,  (1980).
Hydroxamate-mediated t r a n s p o r t  o f  i r o n  c o n t r o l l e d  by ColV 
p la s m id s .
J .  B a ct .  143: 35-42.
Su g iu ra , Y . , Tanaka, H. , Mino, Y . , I s h id a ,  T . , Ota, N . , In o u e , 
M ., Nomoto, K . , Yoshioka, H . , Takemoto, T . , ( 1981) .
S t r u c t u r e ,  p r o p e r t ie s ,  and t r a n s p o r t  mechanism o f  i r o n  ( I I I )I
complex o f  mugineic a c id ,  a p o s s i b l e  p h y to s id e ro p h o re .
J .  Am. Chem. Soc. 103: 6979-6982.
Suslow, T.V.  and Schroth , M. N. , (1982 a ) .
R h iz o b a c te r ia  o f  sugar b e e t s :  E f f e c t s  o f  seed  a p p l i c a t i o n  and
r o o t  c o lo n iz a t i o n  on y i e l d .
Phyto path o lo gy  72: 199-206.
Suslow, T.V.  and Schroth , M. N . , (1982 b ) .
Role o f  d e le t e r i o u s  r h i z o b a c t e r i a  as minor pathogens in  
re d u c in g  crop growth.
Phyto path o lo gy  72: 1 1 1 - 1 1 5 .
223
T a i t ,  G . H . , ( 1975) .
The i d e n t i f i c a t i o n  and b i o s y n t h e s i s  o f  s iderochrom es formed by 
MLcrococcus denLtrifLeans.
Biochem. J . 146: 191-204.
T a k a g i ,  S . ,  Nomoto, K . , Takemoto, T . ,  (19 8 4 ).
P h y s i o lo g i c a l  a sp e c t  o f  m ugineic  a c i d ,  a p o s s ib le  
p h yto sid e ro p h o re  o f  graminaceous p l a n t s .
J .  P la n t  Nutr. 7: 469-477.
T e i n t z e ,  M. , H ossain, M . B . , B arnes, C . L . ,  Leong, J . ,  van der 
Helm, D .,  ( 19 8 1) .
S tr u c tu r e  o f  f e r r i c  p seu d o b a ctin , a s id e ro p h o re  from a p la n t  
growth-prom oting Pseudomonas.
B io c h e m istry  20: 6446-6457.
Tempe, J .  and P e t i t ,  A . ,  (1982).
Opine u t i l i z a t i o n  by AgrobacterLum.
In: K ahl, G. , S c h e l l ,  J . ( E d s . ) :  M o le cu la r  b i o l o g y  o f  p la n tI
tumours. London, Academic P ress  p . 451.
T i f f i n ,  L . 0 . ,  (1970).
T r a n s lo c a t io n  o f  i r o n  c i t r a t e  and phosphorous in  xylem exudate 
o f  soybean.
P la n t  P h y s io l .  45: 280-283.
Tolmasky, M.E. and Crosa, J . H . ,  (1984).
M o le cu la r  c lo n in g  and e x p re ss io n  o f  g e n e t i c  determ inants fo r  
the  i r o n  uptake system m ediated by the VLbrLo anguLllarum 
p lasm id  pJMl.
J .  B a c t .  160: 860-866.
224
Tolmasky, M.E. ,  A c t i s ,  L . A . , Crosa, J . H . ,  (1988).
G en etic  a n a l y s i s  o f  the iro n  uptake r e g i o n  o f  the  Vibrio 
anguillarum p la sm id  pJMl: M olecular c lo n in g  o f  g e n e t ic
determ inants encoding a n o ve l trans a c t i v a t o r  o f  s id ero p h o re  
b i o s y n t h e s i s .
J . B a ct .  170: 1 9 13 -19 19 .
Toranzo, A . E . ,  B a r ja ,  J . L . ,  P o t t e r ,  S. A . ,  C o lw e l l ,  R . R . , 
H e tr ic k ,  F . M . , Crosa, J . H . ,  (1983).
M olecular f a c t o r s  a s s o c i a t e d  w ith  v i r u l e n c e  o f  marine v i b r i o s  
i s o l a t e d  from s t r i p e d  b a ss  in  Chesapeake Bay.
I n f e c t .  Immun. 39: 1220-1227.
T o rre s ,  L. , P e r r e s - O r t in ,  J . E . ,  T ord era, V. , B e l t r a n ,  J . P . ,  
(1986) .
I s o l a t i o n  and c h a r a c t e r i z a t i o n  o f  an F e ( I I I ) - c h e l a t i n g  compound 
produced by Pseudomonas syringae.
A p p l. Environ. M icro. 52: 157-160.
I
Unden, G. and G uest, J . R . ,  (1985).
I s o l a t i o n  and c h a r a c t e r i s a t i o n  o f  th e  Fnr p r o t e in ,  the 
t r a n s c r i p t i o n a l  r e g u la t o r  o f  e le c t r o n  t r a n s p o r t  in  Escherichia 
coli.
Eur. J . Biochem. 146: 193-199.
Valvano, N.A. and C rosa, J . H . ,  (1984).
A e ro b a c tin  i r o n  t r a n s p o r t  genes commonly encoded by c e r t a i n  
ColV plasm ids o ccu r  in  the chromosome o f  a human in v a s iv e  
s t r a i n  o f  Escherichia coli K l.
I n f e c t .  Immun. 46: 159- 167.
225
Valvano, N . A . , S i l v e r ,  R . P . ,  Crosa, J . H . ,  (1986) .
Occurence o f  chromosome- or p lasm id -m ed iated  a e r o b a c t in  i r o n  
tr a n s p o r t  systems and hem olysin  p ro d u c t io n  among c l o n a l  groups 
o f  human in v a s iv e  s t r a i n s  o f  Escherichia coli K l.
I n f e c t .  Immun. 52: 192-199.
van der Helm, D . , Baker, J . R . ,  Eng-Wilmot, D . L . ,  H ossain , M.B. ,  
Loghry, R . A . , (1980).
C r y s t a l  s t r u c t u r e  o f  fe rr ich ro m e  and a com parison w ith  the 
s t r u c t u r e  o f  fe rr ic h ro m e  A.
J . Am. Chem. Soc. 102: 4224-4231.
van der H ofstad , G. A. G. M. , Marrug, J . D . ,  V e r ja n s ,  G.M. , 
Weisbeek, P . J . ,  (1986) .
C h a r a c t e r is a t io n  and s t r u c t u r a l  a n a ly s is  o f  the  s id e ro p h o re  
produced by the p la n t  growth-promoting Pseudomonas putida 
s t r a i n  WCS358.
In: Swinburne, T . R . ,  ( E d . ) ,  Iro n  , s id e r o p h o r e s , and p la n t
d is e a s e s .  NATO ASI s e r i e s ,  Plenum p r e s s ,  New York, p . 7 1 - 7 5 .I
van T ie l-M enkveld , G . J . ,  M e n tjo x -V erv u u rt, M. , Oudega, B . ,  de 
G r a a f , F . K . , (1982) .
Siderophore p ro d u c tio n  by Enterobacter cloacae and a common 
r e c e p to r  p r o t e in  f o r  the uptake o f  a e r o b a c t in  and c l o a c i n  DF13. 
J .  B act. 150: 490-497.
Verma, D.P.S.  and Long, S . ,  (1983).
The m olecular b i o l o g y  o f  Rhizobium-legume sy m b io s is .
I n t .  Rev. C y to l .  Suppl. 14: 211-245.
226
Verma, D. P.S.  and N ad ler, K. D. ,  (1984) .
The Rhizobium-legume sy m b io sis :  the  h o s t ' s  p o in t  o f  v ie w .
In: Verma, D. P. S.  and Hohn, T. ( E d s . ) ,  P la n t  gene r e s e a rc h :  
genes in v o lv e d  in  m ic ro b e -p la n t  i n t e r a c t i o n s .  S p r in g e r - V e r la g ,  
B e r l in ,  p . 58-93.
W alter ,  M. A . , P o t t e r ,  S . A . ,  C rosa, J . H . ,  (1983) .
Iro n  uptake system m ediated by Vibrio anguillarum p la sm id  pJMl. 
J .  B a ct .  156: 880-887.
Waring, W.S. and Werkman, C.H. ,  (19 4 2 ).
Growth o f  b a c t e r i a  in  an i r o n - f r e e  medium.
Arch. Biochem. 1 :  303-310.
Wayne, R. and N e ila n d s, J . B . ,  ( 1975) .
Evidence f o r  a common b in d in g  s i t e  f o r  fe rr ic h ro m e  compounds 
and b a c ter io p h a g e  <^ 80 in  th e  c e l l  envelope o f  Escherichia coli. 
J . B act. 121: 497-503.
I
Wendenbaum, S . ,  Demange, P . ,  D e l l ,  A . ,  Meyer, J .M. ,  A b d a lla h , 
M. A . , (1983).
The s t r u c t u r e  o f  pyoverdinepa, th e  sid ero p h o re  o f  Pseudomonas 
aeruginosa.
T etrahedron L e t t .  24: 4877-4880.
W illiam s, P . H.,  ( 1979) .
Novel iro n  uptake system s p e c i f i e d  by ColV p lasm id s:  an
im portant component o f  th e  v i r u l e n c e o f  in v a s iv e  s t r a i n s  o f  
Escherichia coli.
I n f e c t .  Immun. 26: 925-932.
227
W illia m s, P.H. and C a rb o n e tt i ,  N.H. ,  ( 1986) .
I ro n , s id e r o p h o r e s , and the p u r s u i t  o f  v i r u l e n c e :  Independence 
o f  the  a e r o b a c t in  and e n t e r o c h e l in  i r o n  uptake system s in  
Escherichia coli.
I n f e c t .  Immun. 51: 942-947.
Winkelman, G .,  ( 1979) .
S u rfa c e  polym ers and hydroxy a c i d s . A model o f  i r o n  su p p ly  in  
s id e ra m in e - fr e e  fu n g i .
Arch. M ic r o b io l .  12 1: 43-51.
Woodrow, G . C . ,  Young, I . G. ,  G ibson, F . ,  ( 1979) .
B io s y n th e s is  o f  e n te r o c h e l in  in  Escherichia coli K -12. 
S e p a ra t io n  o f  the  p o ly p e p t id e s  coded f o r  by the  en t D, E, F, 
and G g e n e s .
Biochim. B io p h y s . A c ta .  582: 1 45- 153.
Wookey, P . J . ,  H ussein, S . ,  Braun, V. , ( 1 981 ) .
F unctions in  o u te r  and inner membranes o f  Escherichia coli f o rI
fe rr ic h ro m e  t r a n s p o r t .
J .  B a c t .  146: 1 1 5 8 -1 16 1 .
Xu, G-W. and G ross, D. C. ,  (1986).
F i e l d  e v a lu a t io n s  o f  the i n t e r a c t i o n s  among f lu o r e s c e n t  
pseudomonads, Erwinia carotovora, and p o ta to  y i e l d s .  
P h yto p ath o lo gy  76: 423-430.
Yang, C.C.  and Leong, J . ,  (1984).
S tr u c tu r e  o f  f e r r i c  pseu d o b actin , a s id e ro p h o re  from a p la n t  
d e l e t e r i o u s  Pseudomonas.
B io c h e m istry  23: 3534-3540.
228
Yao, P.Y.  and V in c e n t ,  J .M. ,  (1969).
Host s p e c i f i c i t y  i n  the ro o t  h a i r  " c u r l i n g  f a c t o r  " o f  
Rhizobium sp .
A ust. J .  B i o l .  S e i .  22: 413-423.
Young, I . G. ,  Jackman, L . M. , Gibson, F . ,  (1969 a ) .
The i s o l a t i o n ,  i d e n t i f i c a t i o n  and p r o p e r t i e s  o f
2 . 3 - d ih y d r o - 2 , 3-d ih yd ro xyben zo ic  a c i d .  An in te rm e d ia te  in  the 
b io s y n t h e s is  o f  2 , 3-d ih yd ro xyb en zo ic  a c i d .
Biochim. B io p h y s . A c ta .  177:  381-388.
Young, I . G. ,  Batterham , T . J . ,  Gibson, F . ,  (1969 b ) .
The i s o l a t i o n ,  i d e n t i f i c a t i o n  and p r o p e r t i e s  o f  i s o c h o r ism ic
a c id .  An in term ed ia te  i n  th e  b i o s y n t h e s i s  o f
2 . 3 -d ih yd ro xyb e n zo ic  a c id .
Biochim. B iophys. A c ta .  177:  389-400.
Young, I . G. ,  Langman, L . ,  Luke, R . K . J . ,  G ibson, F . ,  ( 1 97 1 ) .  
B io s y n th e s is  o f  the  i r o n - t r a n s p o r t  compound e n te r o c h e l in :I
Mutants o f  Escherichia coli u n ab le  to  s y n th e s iz e
2 .3 - d ih y d ro x y b e n z o a te .
J . B a ct .  106: 51- 57 .
229
